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The discussion which I wish to present falls in the general field of re- 
search which can be designated by the phrase ‘‘Soil Conditions and Plant 
Growth,’’ to quote the title of a well known monograph by E. J. Russe. 
An attempt will be made on this occasion to give some consideration to both 
soils and plants, with particular reference to researches of the past fifteen 
years. I am aware that some of our most important knowledge of soils has 
come from those who have dealt with the soil as a chemical and physical 
system without much reference to plants, and that much of what we know 
concerning plant physiology has come from investigators not greatly inter- 
ested in soil conditions. Nevertheless, there does remain an indispensable 
place for investigations in which specifically planned efforts are made to 
relate soil conditions to plant growth, the ultimate purpose of all the re- 
searches from an agricultural point of view. In California the desirability 
of conducting such researches was stressed early by C. B. Lipman, and vari- 
ous circumstances, partly accidental, have made it possible to give long con- 
tinued attention to this type of investigation. With your permission 
I shall refer frequently to experiments with which I have had some per- 
sonal familiarity including, of course, the work of various colleagues and 
associates. I assume that you are not now desirous of a review of litera- 
ture or an extensive citation of the names of the many investigators over 
the world who have contributed to our understanding of soil and plant 
relations. 

If we are to review the subject of the absorption of mineral elements by 
higher plants, it is well first to inquire which chemical elements must be 
absorbed in order to insure the continued growth of such plants. The 
pioneer researches of Mazi very definitely suggested that the older list of 

1 STEPHEN Hates address, Cleveland, 1930. 

373 








374 PLANT PHYSIOLOGY 


essential elements was incomplete. Unfortunately these researches did not 
have much effect in stimulating other investigators until within a very re- 
cent period. The interest in this question is now aroused and in various 
laboratories in this country and in Europe very painstaking experiments 
have been in progress for some time. Eventually there may be many ele- 
ments to add to the older list of ten. Several can be added now with much 
assurance, not necessarily for all plants, but for many types of agricultural 
plants at least. The importance, and in fact necessity, of considering a 
new and extended list of essential elements is convincingly illustrated by 
certain experiments on tomato plants, in connection with the utilization of 
boron. A few milligrams of this element make the difference between a 
healthy and a diseased plant. To prove this it may not be necessary even 
to purify the salts used in preparing the culture solutions. The amount of 
boron required, although very small, is still appreciable and the amount 
present as an impurity in a culture solution prepared in the routine way 
may be entirely inadequate for some plants. Of great interest, likewise, is 
the general distribution of copper in plants and the influence of this ele- 
ment in correcting certain diseases of fruit trees and other plants. While 
such observations cannot prove that copper is an essential element, they do 
offer an incentive toward additional research. We cannot go farther in 
our present discussion of such elements for almost nothing is known about 
their absorption from soil solutions or from artificial culture solutions. It 
would be difficult indeed to make some of the requisite experiments, but the 
task must be undertaken sooner or later, if the understanding of soil and 
plant relations is ever to become reasonably adequate. 

The next phase of our discussion in logical order is concerned with the 
general nature of the processes by which plants absorb essential or non- 
essential chemical elements from culture media. A clear approach to this 
question is frequently impeded by the indiscriminate use of certain com- 
mon terms such as permeability, osmosis, diffusion, antagonism, DoNNAN 
equilibrium, ete. At the risk of repetition of previous discussion I intend 
to review very briefly certain of the conditions of plant growth which de- 
mand consideration in any survey of the process of absorption of mineral 
elements by plant cells. As you know, during recent years several inves- 
tigators have given much attention to the behavior of certain types of algal 
cells which attain relatively enormous size, and which may be manipulated 
as separate units. With cells of this type it is possible to avoid many of 
the difficulties and ambiguities inherent in the examination of the micro- 
scopic cells and complicated tissues of higher plants. The investigations 
on the cells of the marine form, Valonia, yielded data of great significance 
with respect to the relations existing between a marine organism and its 
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solution environment. Our own special interest has been directed to ex- 
perimentation on a fresh water alga, Nitella clavata. These plants live and 
grow in a medium which may be reasonably compared in a general way 
with many soil solutions. Also it is feasible to subject these cells to the 
influence of artificial culture solutions and to make experiments on the in- 
take of solutes under controlled conditions. For present purposes such a 
cell may be regarded as essentially constituted of a cell wall, an exceed- 
ingly thin layer of protoplasm, and a large vacuole filled with sap primarily 
inorganic in nature. It is found that this sap has a total electrolyte con- 
centration approximately twenty-five times greater than that of the water 
which bathes the cells, and furthermore, each of the principal ions (both 
anions and cations) is present in the sap in a concentration many-fold that 
of the culture medium. Evidently, during the growth of the cell there 
oceurs an accumulation of such elements as potassium and chlorine against 
concentration gradients. For certain elements the same statement can be 
made for Valonia, and very recently a member of the Characeae. living in 
brackish water has been studied in Finland, and similar conclusions 
reached. 

Experiments on Nitella cells showed that the process of concentrating 
electrolytes in the cell sap could be conveniently studied by the use 
of bromide solutions, since bromine was not naturally present in the cell 
sap in determinable amount, and was non-toxic in the concentrations used. 
To make a long story short, it was found that bromine could be acecumu- 
lated in the sap against concentration gradients, but only provided 
the right metabolic conditions were maintained. Important among these 
conditions was illumination. Any large accumulation of bromine was de- 
pendent on the influence of light of suitable intensity and duration, al- 
though under certain circumstances an after effect of illumination could be 
demonstrated. The temperature coefficient of the process was a high one, 
and little or no concentrating action was observed at temperatures 
approaching 5° C. The time factor was important and to obtain marked 
accumulation required a period of several days. Experiments of very 
short duration would be inadequate to reach an understanding of the proce- 
esses involved. 

Later F. C. Stewarp investigated the accumulation of bromine and 
potassium by potato tissues. In this case, of course, stored carbohydrates 
were available and photosynthesis was not directly involved. The potato 
tissues also were found to possess the potentiality for concentrating in the 
sap the elements mentioned above. However, it was discovered that the 
concentrating process could not proceed unless the tissues were in a healthy 
state and suitably aerated. When a mixture of oxygen and nitrogen with 
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a very low proportion of oxygen was employed the concentration of bro- 
mine in the expressed sap exceeded the concentration in the outside solu- 
tion very little, if at all. When the proportion of oxygen was increased to 
the proper point, and a suitably rapid flow of gas maintained, then bromine 
(and also potassium) was concentrated in the tissues in a most definite way. 
Other investigations now in progress on excised root systems of bar- 
ley plants yield evidence of the same trend. It can be shown, in addition, 
that the metabolic condition prevailing in the plant previous to excision 
of the roots determines in part the degree to which accumulation of min- 
eral elements can take place subsequent to excision. In other words, the 
absorbing power of the root system cannot be evaluated without a knowl- 
edge of the particular metabolic state in which it has been placed. 

I have sketched in barest outline a few of the considerations which lead 
me to emphasize the point of view that the removal of electrolytes from a 
culture medium and their storage in the plant cell is a process in which the 
metabolic activities of the cell are inevitably concerned. Energy exchanges 
must be involved, the ultimate source of the energy being sunlight. Now 
this is by no means the view always taken by soil chemists and plant physi- 
ologists. Sometimes there seems to exist a fear that the adoption of such 
a point of view will lead to an undesirable ‘‘vitalistic’” theory. In other 
instances, efforts are made to bring the explanation of the absorption of 
mineral elements by plant cells into line with the properties of some type 
of artificial cell. Some investigators emphasize the DonNAN equilibrium, 
so important in certain systems, but it is difficult to understand how this 
concept can possibly fit the observations which have just been cited. It is 
essential to keep in mind that even the simplest plant cell is an extraordi- 
narily complex system in which energy exchanges are continuously ocecur- 
ring, and that these cell activities have an intimate relation to the absorp- 
tion of mineral elements, as well as to other cell processes. 

The mechanism involved in accumulation is not now understood, although 
several ingenious theories have been proposed which take into account 
many, but probably not all the facts. Whatever the mechanism of the cell 
may be, I think we can agree that what may be called the collodion bag 
concept of an absorbing plant cell is hopelessly inadequate. In making 
this statement, I trust it will not be thought that I am lacking in apprecia- 
tion of the work of several very able investigators, who are elucidating the 
properties of simple membranes. 

Perhaps these remarks will serve to make it clear that the accumulation 
of electrolytes by plant cells is not a question of simple permeability. It 
is possible to construct an artificial cell which is very permeable to potas- 
sium, but which cannot accumulate that element. The term ‘‘permeabil- 
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ity’’ has come to mean too much. Also, it is obviously not correct to state 
that a solute enters a plant cell until a state of diffusion equilibrium is 
reached. In living cells dynamic equilibria are involved. Still less can it 
be said that the entry of solutes is a process of osmosis. A more general 
aspect of the whole question can well be summarized by a quotation from a. 
lecture on ‘‘Physical Chemistry in the Service of Biology’’ given last year 
by F. G. Donnan. ‘‘Life, however, is not merely an affair of equilibrium 
and micro-structure, of oriented molecules and ions and delicately balanced 
micelles. Within and around this framework there exists a continual flux 
of physical and chemical action. The protoplasmic system operates by 
utilizing the free energy of its environment. It is a free energy converter, 
utilizing the free energy of oxygen plus convertible organic substances, of 
complex organic substances alone, and of sunlight. It is a physico- 
chemical machine, a dynamical or kinetic system. It is a truism of biology 
to say that the living organism cannot be considered apart from its envi- 
ronment. But this environment must possess some quality of non-equi- 
librium. It is the unbalanced environment which is the source of life and 
action, whilst the living organism is but the energy transformer, though 
one of peculiar and still mysterious character.’’ 

The view that the metabolic activities of the cell are of paramount im- 
portance in determining the accumulation of mineral elements by plant 
cells is not simply a scientific generalization. It has much practical sig- 
nificance to the investigator of soil problems. It means that special em- 
phasis must be given to those soil and climatic conditions which favor root 
growth and activities. Soil aeration becomes of great concern, as does also 
the environment around the top of the plant, which may modify the sup- 
ply of metabolites to the root system. The power of the soil to supply 
mineral elements to root cells will influence the synthesis of organic sub- 
stances, which in turn will influence the continuing ability of the root cells 
to absorb mineral elements. Thus, especially with long-lived plants, either 
a normal or a vicious cycle may be established. 

Let us assume now that we have the proper metabolic conditions for the 
accumulation of mineral elements by the plant cell. We are still faced by 
the great problem of the relation of the composition of the culture solution 
to the actually occurring accumulation. What are the effects of concen- 
tration and of ionic relations? Perhaps the first thought will be that we 
have at hand a great fund of information upon which to draw, in the enor- 
mously extensive literature on antagonism and permeability. This field of 
study has long been a major interest of plant and animal physiologists, and 
a few basic principles are agreed on. But closer examination discloses that 
the work on antagonism has nearly always dealt with very different prob- 








378 PLANT PHYSIOLOGY 


lems and conditions than those in which we are now interested. You will 
recall that our objective is the understanding of plant growth under soil 
conditions, with special reference to crop plants. We are concerned with 
the gradual absorption and accumulation of certain chemical elements dur- 
ing the growth cycle of the plant. Experiments on antagonism and per- 
meability are generally conducted with solutions of much greater concen- 
tration than those we are primarily discussing, and the time periods 
employed are often very short. Frequently the purpose is to utilize a de- 
cidedly toxic solution and then to determine how such toxity may be over- 
come by suitable balancing of elements. Many investigators have employed 
the technique of plasmolysis which is obviously unsuited to the study of 
the relatively slow normal processes of absorption. Furthermore, in the 
majority of cases the antagonism demonstrated is concerned simply with 
cations. On the whole, it would seem that we must expect only very lim- 
ited assistance from the investigations on antagonism in connection with 
the special problems now before us. 

We do, however, have to take careful thought of the influence of one 
ion on the accumulation of another, whether or not the term ‘‘antag- 
onism’’ is used. There is definite and extensive experimental evidence for 
the statement that importance attaches to each general type of ionic rela- 
tion; namely, anion-anion, cation-cation, and cation-anion. It will be 
worth while to cite some specific illustrations. Referring again to the ex- 
periments on Nitella cells, we find that the interrelations of anions are note- 
worthy. Bromine ions and chlorine ions have reciprocal relations to each 
other and may undergo extensive interchange between the cell and the 
medium. One may retard the accumulation of the other. It is also pos- 
sible to provide illustrations of direct agricultural significance. Under 
appropriate conditions of solution culture technique, in experiments with 
such plants as wheat or barley, it may be shown that there exists a recipro- 
eal relation between nitrate and phosphate. By decreasing the concentra- 
tion of phosphate in the culture medium at certain stages of growth, the 
plant may be caused to accumulate more nitrogen. Conversely, by decreas- 
ing the concentration of nitrate, plants sometimes may be caused to accu- 
mulate a very high content of phosphate. Interrelations between cations 
and anions are less easily demonstrated with complex solutions, but with 
simpler solutions it is feasible to obtain clear indications that the entry of 
cations may be facilitated by the presence of rapidly absorbable anions, 
such as nitrate. All these relations have interest to soil investigators, but 
such relations will of course not necessarily find expression under all soil 
or solution culture conditions. If marked deficiencies of several elements 
exist, other and more complicated situations arise. 
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The interrelations of cations are emphasized in the results of many 
types of plant experiments, including not only those in which artificial cul- 
ture methods are employed, but also practical field experiments. If I may 
refer to our own investigations, merely for purposes of illustration, the in- 
terrelation between calcium, magnesium and potassium has been evidenced 
in a most consistent manner in many types of plant experiments we have 
had occasion to carry on during the past several years. As the potassium 
content of the culture medium is increased there is a very general and con- 
sistent tendency for the amounts of calcium and magnesium accumulated 
by plants to be decreased. Occasionally, under solution culture conditions, 
there is practically an equivalent substitution of bases. I should like to 
emphasize that these interrelations between bases are effective in very 
dilute solutions. A difference of a part or two of potassium in a million 
parts of solution may be of great consequence. The literature affords 
numerous indications that the interrelations of bases are also effective 
under many soil conditions, although the interpretation placed on results 
is not always the same as the one now advanced. German, English and 
French investigations could be cited, as well as investigations reported in 
this country. 

It is well now to remark that caution is one of the safest attributes of 
the investigator of soil and plant relations. If I should make any broad 
generalization from experiments such as those which have just been cited, 
immediately I should be confronted with evidence obtained under other 
experimental conditions, and especially under diverse soil conditions, which 
could not be explained by anything contained in the preceding discussion. 
Under such cireumstanees all we can do is to take refuge in that word so 
precious to the biologist, ‘‘factors.’’ The factors involved in plant growth 
under soil conditions are so entangled together, cause and effect so inter- 
woven, that prediction is perilous. Not only the soil and the plant, but 
also the climate, must contribute factors to the extraordinarily involved 
equation, the solution of which would be necessary in order to obtain an 
adequate and precise explanation of the behavior of a given plant on a 
given soil at a given time. This does not mean that there should be a ces- 
sation of effort directed toward the elucidation of general principles, but it 
does mean that in any instance the operation of one set of processes may 
be masked by the operation of another set of processes. 

If we could assume some principle of simple limiting factors our path 
would be smoother, but often such an assumption is not permissible. Con- 
sider, for example, the interrelation of light and potassium. Fertilization 
with this element may be much more effective in some seasons than 
in others. One writer in England has suggested that potash fertilization 
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may be the best insurance against a sunless summer. You will appreciate 
that we do not have sunless summers in California, but the general ques- 
tion has had some interest there, and opportunity has been afforded to ob- 
serve the growth of plants under different conditions of light and of potas- 
sium supply. We may easily arrange an environment such that a large 
increase in plant growth may be obtained by doing either one of two things, 
increasing the light, or increasing concentration of potassium in the culture 
solution. This has been shown in greenhouse experiments, and recently a 
colleague has demonstrated the existence of these interrelations in the course 
of an investigation on the growth of plants under controlled conditions, 
with the use of artificial light. In one sense two limiting factors may oper- 
ate at one and the same time, or perhaps more accurately, the efficiency of 
one factor is modified by the intensity of another factor. It will be immedi- 
ately apparent to you how the problems of plant nutrition are complicated 
by considerations of this sort. 

If you are willing to grant that various interrelations of ions do and 
necessarily must influence their absorption by plants, we cannot avoid the 
query whether there are certain special ratios between the various ions, best 
suited to the growth of a particular kind of plant. The attempts to dis- 
cover ‘‘best solutions’’ have had value in stimulating research during the 
past fifteen years in the field of plant nutrition, even though the original 
objectives have suffered much alteration as the years have passed. Vitally 
important to such researches is the appraisal of plant variability and the 
statistical significance of any particular yield of plant material. 

Probably we are now in a position to say with a good deal of assurance 
that there.is no ‘‘best’’ solution for the growth of a particular plant, in so 
far as yield or the usual criteria of quality are concerned, and within the 
limits of error of any practical interest. Instead there are in general many 
solutions equally effective for plant production, varying to a greater or 
lesser extent in composition depending on the kind of plant, and on the 
climatic conditions. This is not at all the same as saying that different 
solutions will ever produce identical plants with reference to all details of 
organic and inorganic composition, or of metabolism, for this would prob- 
ably not occur. I am referring to yield as indicated by weight and by the 
commonly observed general characteristics of the plant. There may be a 
‘‘luxury’’ consumption of certain elements from many types of solutions, 
but this is a different matter. 

These statements are of interest to soil investigators as well as to plant 
physiologists. With our present knowledge of soil solutions, it would be 
impossible to account for actually observed conditions in the field, if plants 
did not possess great powers of adaptation to solution conditions. Illustra- 
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tions of this fact have arisen in recent experiments with a group of Cali- 
fornia soils. In the course of these studies—over a three year period— 
tomato plants and barley plants have been grown in soils deficient in avail- 
able potassium, fertilized in various ways. Within the limits of rather 
small experimental error for such experiments it was possible to obtain 
plants of the same appearance, rate of growth, and final weight, under the 
influence of soil solutions of highly divergent composition in respect to their 
content of potassium, calcium, magnesium, and other elements. On the 
other hand, the same group of experiments furnishes equally strong evi- 
dence that when concentrations of potassium in the soil solution are main- 
tained sufficiently low an unbalanced condition in the plant ensues, accom- 
panied by inhibition of growth or the appearance of disease. The range of 
adaptation is often a broad one but not indefinitely so. 

Experiments of this character show that the ratios between certain min- 
eral elements present in the plant, for example, calcium, magnesium and 
potassium, are profoundly modified when a marked disturbance of nutri- 
tion is manifest. Yet it would be difficult to prove that these modifications 
are the primary cause of the metabolic disturbance. Perhaps in the case 
mentioned we should emphasize rather the balance between potassium and 
certain organic constituents. If we ask why such a balance should be im- 
portant, we find no answer to the question, since the mechanism by which 
potassium operates is still essentially unknown. 

It is a natural step now to direct the discussion more definitely to the 
relations pertaining to concentration. The problems involved are difficult 
and elusive. The question to be answered is: What magnitudes of concen- 
tration of an element are adequate to maintain a suitable rate of delivery 
to the plant, if a given concentration of the element is maintained fairly 
constant in the culture solution surrounding the plant roots? For reasons 
which have already been given, no general answer could be expected to 
such a very broad question, but perhaps we can make some useful observa- 
tions. First of all, it is essential to note that the work of several investi- 
gators is in general agreement on the point that extremely dilute solutions, 
at least of potassium and phosphate, may produce highly satisfactory 
growth of common agricultural plants. But it is obvious that critical zones 
of concentration exist. It needs no argument to show that concentrations 
may become so low that a plant may be unable to absorb in a unit of time 
an adequate supply of an essential element. It is also searcely necessary 
to remind you that climatic conditions will alter the rate of supply 
required. Of great importance, likewise, is the kind of plant and the stage 
of its growth. The influence of one ion on the absorption of another has 
already been mentioned. 





382 PLANT PHYSIOLOGY 


There is much investigation yet to be done on the relation of concentra- 
tion to absorption and to plant growth. The objective should be the study 
of what has been called ‘‘supplying power,’’ at different levels. Unfortu- 
nately the technique of such studies is laborious and expensive. Flowing 
culture solutiuns may be needed, or else some other procedure almost 
equally troublesome. The type of plant, the stage of growth, and the cli- 
matic environment all complicate the study of this question. 

Any discussion of the absorption of mineral elements by plants must 
include some statement with reference to the relation between the intake 
of water and the intake of mineral elements. This is an old question, upon 
which different views have been expressed from time to time. A very sim- 
ple experiment may be cited to illustrate one important phase of the rela- 
tionship just mentioned. Young barley plants were transferred to a care- 
fully measured volume of culture solution of known composition. The 
arrangements were such that water could escape only through the plants. 
After a period of about two days the residual culture solution was analyzed. 
It was found that the plants had effectively diluted the solution with re- 
spect to phosphate, potassium and nitrate, while sulphate was increased in 
concentration. In this particular experiment calcium happened to remain 
at almost its original concentration. Thus it is possible for ions to be ab- 
sorbed more rapidly or less rapidly than water, or at the same rate. Some- 
times attempts are made to compute the concentration of a soil solution 
from a knowledge of the total water transpired and of the amount of an 
element taken into the plant. It is clear that such computations are not 
well founded, since plants can bring about the dilution or concentration of 
a culture solution under some circumstances. Obviously all the conditions 
of metabolism within the plant, and the conditions of the environment sur- 
rounding the plant, will determine in any given instance the particular re- 
lation between absorption of water and that of any given ion. 

Simple absorption experiments also throw light on other aspects of the 
selective action of plants. Some elements essential to the plant may be 
absorbed with great rapidity, but other elements not essential, except pos- 
sibly in minute quantities, may likewise be removed from solution with 
great ease by plants. The predominance of potassium over calcium 
absorption is easily demonstrated with some types of plants, but with other 
types calcium may be absorbed as readily as potassium. Comparative 
rates of anion absorption vary with different plants and with different 
environments. All facts considered, there is no straightforward way of 
applying the physical chemical properties of ions in any entirely general 
or consistent manner. We do not know how to evaluate these properties 
in their relation to different protoplasmic systems, and to the varying 





HOAGLAND: ABSORPTION OF MINERAL ELEMENTS 383 


activities of such systems, although we may surmise the existence of logical 
relationships. 

In these days it would be very unorthodox to discuss soil and plant 
relations without referring to hydrogen ion concentration, but within a 
space of fifteen years the literature has grown so vast in its extent that one 
hesitates to mention the question at all. Only one or two observations 
particularly pertinent to our present purpose will be ventured. I recall 
some early experiments with barley seedlings in California. With con- 
siderable surprise it was noted that the plants made better development in 
a definitely acid solution than in a slightly alkaline one. The impression 
gained from the literature of that time was to the effect that most agricul- 
tural plants found their most favorable environment in a slightly alkaline 
medium and were injured by acidity. It was a great gain to utilize phys- 
ical chemical concepts in making measurements of the actual concentration 
or activity of hydrogen ions present in a culture solution. Yet I am unable 
to share the enthusiasm of those investigators who, by inference at least, 
assume the hydrogen ion concentration of the medium to be the almost 
exclusive determinant of plant distribution or adaptation. Save in the 
most extreme cases, it seems that hydrogen ion concentration should always 
be evaluated in relation to the concentration of other ions. For example, 
in recent years many investigators have called attention to the great impor- 
tance of calcium ion concentration in this connection. 

Concerning the relation of hydrogen ion concentration to absorption of 
other ions, we seldom have available experiments of an unambiguous nature. 
We cannot work over any large range of hydrogen ion concentrations and 
maintain all other properties of the solution the same, such as iron, phos- 
phate and bicarbonate concentrations. There are some definite suggestions 
of the influence of hydrogen ion concentration on absorption of other ions, 
but they are not so clear cut and consistent as to warrant further discus- 
sion at this time. 

Let us now speak a little more specifically of soil conditions. In 1911 
CAMERON published a volume with the title ‘‘The Soil Solution.’’ Certain 
very radical ideas, which had occasioned extensive controversy, were sum- 
marized in this volume. It is now well agreed that some of the conceptions 
of soil equilibria advanced were erroneous, and led to incorrect deductions. 
There is no longer any reason to doubt that the soil solutions of different 
soils may be of very different composition, or that the soil solution of any 
one soil may vary in composition as a result of seasonal changes, crop 
growth, or the application of fertilizers. Nevertheless, the controversy 
aroused probably had a beneficial result to soil science. A dynamic point 
of view of the soil was stressed, and many investigators were induced to 
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think of the soil as something very different from a storehouse of nutrient 
elements, needing to be inventoried, or as a more or less inert medium to 
which plant foods were to be added. A long period of intensive research 
on soil solutions has followed, in which various laboratories have partici- 
pated, especially during recent years. I wish to touch on several of the 
leading features of these researches in their relation to what we have 
already been discussing. 

Most of the early work dealing with soil solutions was conducted with 
the use of water extracts of one type or another. It was appreciated that 
such extracts could reflect only imperfectly the ‘‘soil solution,’’ that is, the 
solution in the soil as it existed at some moisture content suitable for plant 
growth. Some studies were made in which soil solutions were separated 
from the soil by very high pressure, but these, were limited in extent. A 
number of years ago a method was developed in Wisconsin, and later in 
California, by means of which the soil solution was displaced from moist 
soils by a supernatant column of water or of aleohol. Subsequently much 
intensive effort has been devoted to this method of obtaining soil solutions. 
It has been shown that according to certain chemical criteria solutions dis- 
placed from soils in this way may often be considered to be practically 
identical with the solution phase of the soil, as it exists at the moisture con- 
tent at which the displacement was made. The arguments advanced need 
not be discussed on this occasion. 

If a solution can be displaced from a soil with the characteristics just 
noted, have we then available an effective means of determining the com- 
position of the plant’s culture medium in the soil? This question has been 
presented in a very definite way in connection with researches of recent 
years on the phosphate nutrition of plants. It was suggested first by ex- 
periments made in Alabama that certain soils give displaced solutions with 
contents of phosphate entirely inadequate to account for the actual crop 
growth known to occur in these soils. The situation can be illustrated 
readily by an account of some later California experiments. Occasion 
arose to investigate a particular soil in which the phosphate present was 
extremely unavailable to many plants. The addition of suitable amounts 
of soluble phosphate enormously improved the physiological state of this 
soil, so that good growth of crops could be obtained. Yet solutions dis- 
placed from the fertilized soil did not give significantly higher concentra- 
tions of phosphate than those from the unfertilized soil. In all cases the 
values were extremely low. It was difficult to escape the conviction that 
the plant growth actually occurring in the fertilized soil could not have 
taken place if the displaced solution represented the real culture medium 
of the plant with respect to phosphate. 
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Are we to assume, therefore, that phosphate is not in fact absorbed from 
the soil solution, but rather that it is assimilated in some direct way from 
colloidal matter of the soil? This idea has been suggested, but it is not an 
inescapable deduction from the known facts. Certain essential considera- 
tions have not always received due emphasis, perhaps because of their very 
obviousness. Soils are heterogeneous and plants can deal with such sys- 
tems in a heterogeneous manner, effecting a sort of physiological integra- 
tion of many localized soil solutions. Laboratory procedures, on the con- 
trary, deal with a mass of soil through methods which yield only composite 
solutions. Furthermore, in the laboratory, reactions such as those of fixa- 
tion, may be facilitated by the very operations which the chemist 
must make, and which may have no counterpart in the soil as the plant 
grows in it, at least not in respect to rate. We must conclude then that 
the soil solution, no matter how prepared, cannot be assumed to be neces- 
sarily identical with the physiologically effective soil solution. If it is so 
assumed, then in certain circumstances an entirely erroneous idea may be 
gained of the solutions existing at the closely contacting surfaces of root 
membranes and soil particles. But, it does not follow that a general soil 
solution theory of absorption is erroneous, merely because our methods of 
study are imperfect. 

If no more were said on this point a wrong impression would be left. 
It has seemed necessary to draw your attention to some of the difficulties 
which may be met with in soil solution studies. As a matter of fact, diffi- 
culties of the same degree as those applying to phosphate have not as yet 
arisen in the study of concentrations of nitrate, calcium, magnesium, sul- 
phate, nor even of potassium. With these ions the reflections of the physi- 
ologically effective solutions, although far from perfect, have been very ser- 
viceable. In general the magnitudes of concentration in the displaced soil 
solution have not been found to be radically different from those which 
are adequate for plant growth in a flowing culture solution. Even for 
phosphate this statement is true of many western soils. Notwithstanding 
the inherent difficulty of interpreting soil solution data, and the inconsis- 
tencies often arising, this method of investigating soils still remains one of 
the most important of tools, which can be employed with profit for a long 
time yet to come. 

As soil solution researches have been continued, it has become more and 
more apparent that soil solutions should be studied in conjunction with the 
solid phase of the soil, for the nature of the solid components determines 
the power of the soil to keep the soil solution renewed as withdrawals by 
plant roots proceed. I shall mention one or two examples. The phenome- 
non of base exchange is now in the forefront of the discussions of soil chem- 
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ists. Much physiological interest attaches to the potassium combined in 
the base exchange complex. The experimental evidence shows that the 
potassium present in this form is in general available, when present above 
certain minimum amounts, varying with the soil. It can easily be assumed, 
and there are many results of experiments in favor of this assumption, that 
hydrogen ions produced by the activities of root cells easily displace a cer- 
tain proportion of the potassium contained in the base exchange compound. 
The rapid intake of potassium by the plant continuously disturbs the 
chemical equilibrium and in a selective manner, which is not imitated in 
the laboratory. The potassium in the base exchange complex is, however, 
not always indispensable. The soil solution potassium may be maintained 
in some soils at adequate levels of concentration through the dissolving of 
other types of minerals. In fact, it is reasonable to postulate that there 
is involved the resultant equilibria between all of the various types 
of potassium compounds and the soil solution. These are ideas which can- 
not be expanded now, but the illustration may serve to emphasize the in- 
timacy of the relation which should exist between studies on the solid and 
solution phases of the soil. If time were available much could be said also 
of the clarification which has come from base exchange studies with refer- 
ence to acid and ‘‘alkali’’ soils, and the supplying power of the soil for cal- 
cium under these special soil conditions. 

The relation between the solid and solution phases of the soil has a very 
practical agricultural aspect in the study of availability and the fixation of 
potassium and phosphate by the solid phase. Although among the earliest 
observed of soil phenomena it is doubtful whether the full import of such 
fixation is generally appreciated. It must be emphasized that fertilizers 
react chemically with soils. As has already been said, it is not merely a 
question of adding so much ‘‘plant food’’ to an inert medium. For exam- 
ple, we should inquire, in the case of deep-rooted plants, whether by fer- 
tilization we really change the soil solution as we desire in all the zones of 
root absorption. Even with shallow rooted plants the understanding of 
the degrees of fixation of phosphate and potassium with reference to avail- 
ability to different types of plants is still entirely inadequate. We have to 
take account not only of the base exchange reactions, but also of other types 
of fixation. And the old questions concerning the importance of acid ex- 
eretions by roots and of extent of absorbing root surface are not yet dis- 
missed. It is clear that in these matters soil chemistry and plant physi- 
ology cannot be divorced, and that the practical art of soil management 
must have as its scientific basis a definite concept of the chemical and physi- 
ological interrelation between soil and plant. There are many times when 
the study of the plant itself will best forward an understanding of soil con- 
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ditions. It is true that most of the data of past years on inorganic plant 
composition have not carried us far, but experiments under suitably con- 
trolled conditions still offer much of promise. 

I presume that before closing I am entitled to make a few general ob- 
servations. I have spoken of past researches. What are the prospects for 
the future? We may expect that researches of the type already described 
will continue and will be greatly expanded. But we must acknowledge 
that the real reason we are so much interested in the mineral nutrition of 
plants is because of its relation to the synthesis of organic substances. We 
may hope and anticipate that the organic metabolism of the plant will ex- 
cite more and more interest. There are indications in recent research that 
this movement is already well under way. Much will be learned from the 
further application of existing methods of research, but far more than this 
is required. The knowledge of the chemical nature of most plant constitu- 
ents is entirely inadequate and consequently the methods used in following 
metabolic changes highly imperfect and incomplete. The plant physiolo- 
gist will need to call to his service more men who are trained primarily as 
chemists or physicists. A few of the men now entering on their research 
activities will combine an excellent degree of training in both modern chem- 
istry or physics as well as in biology, and from these much may be hoped 
in the future. Ordinarily it will be impossible to make an adequate ad- 
vance in the phases of plant physiology of which I am speaking, without 
cooperative effort, not of the formal and official type, but rather of that 
informal type of cooperation which results from a common interest in a 
general objective by men of different specialization. 

In addition to the intensive study of plant tissues by the methods of the 
organic chemist and the physical chemist, we may foresee an era in which 
great efforts will be made to grow plants under reproducible conditions, 
which cannot be done without control of light, temperature and humidity, 
as well as of the culture medium. As you know, such experiments have 
already been begun in Europe and in America. The difficulties of growing 
plants of any desired type satisfactorily under real control are very great, 
and not yet solved, but definite progress has been recorded with a few types 
of plants. It becomes possible to do exactly the same thing twice and those 
of you who are engaged in researches on the nutrition of plants will grant 
the cogency of this remark. A quantitative plant physiology in relation 
to mineral nutrition will develop gradually. From this and from the 
specialized chemical and physical research which I have just mentioned, we 
may hope for at least partial answers to numerous questions which now 
perplex us. I do not say complete answers, because as long as an investi- 
gator deals with living organisms he cannot hope ordinarily to achieve the 
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kind of solution of a problem which is often arrived at by the chemist or 
physicist, dealing with specially selected and simplified systems. 

There is no compulsion on me to refer to the practical significance of 
research on soil and plant relations in an address of this character, but we 
cannot help recalling that practical interest will in a large measure dictate 
the support of research. Thus far there has been no adequate apprecia- 
tion of the ultimate economic significance of plant physiological investiga- 
tion in relation to soil problems. Its ramifications in the field of general 
agriculture are obvious, but of much wider scope than is always realized. 
Such research should be the vital foundation of the great fertilizer indus- 
try. Great sums are spent by this industry in practical tests and in pub- 
licity ; relatively little on research dealing with basic principles. Agricul- 
tural experiment stations are lending important aid, but they have mani- 
fold demands on their resources. Yet I venture to predict that these 
physiological problems are going to receive ever increasing attention and 
support. If some speaker before this society in a not distant future shall 
elect to diseuss the same field of investigation, I am confident that his re- 
port will be far more convincing and adequate than the one that I have 
been able to present this evening. 
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Introduction 


The influence of chemical compounds upon growth and development of 
organisms is of unfailing interest. The natural environment is continu- 
ously supplying the organism with innumerable water-soluble compounds, 
some of which are essential to nutrition and health while others are not 
essential. Any of them may be injurious if absorbed too rapidly or in too 
large an amount. Their absorption rates depend in large measure on their 
concentrations in the surroundings. Many substances that have markedly 
injurious effect when supplied to an organism in one concentration range 
have been found to stimulate or accelerate growth and other activities when 
supplied in a lower concentration range. Too high concentrations of 
usually essential compounds are harmful but physiological processes even- 
tually become retarded or upset when the essential compounds are inade- 
quately supplied. Large numbers of apparently unessential chemical com- 
pounds are commonly present in organisms and in their surroundings 
without producing any physiological effect, either of retardation or stimu- 
lation, but any of these may have a marked effect if its concentration is 
sufficiently increased. Furthermore, the kind and amount of influence 
exerted by a specified compound at a specified concentration on a given 
organism in a given stage of development or physiological state is itself 
greatly influenced by the prevailing concentrations of other compounds. 
The favorable or unfavorable influence of a certain compound at a specified 
concentration in the environment may be greatly altered in many instances 
without any change in the concentration of the compound in question, 
through suitable alterations in the concentrations of other compounds. 
Finally, different kinds of organisms or individuals of the same kind in 
unlike developmental phases or with different degrees of vigor may be 
affected very differently by one and the same set of chemical concentrations 
in the surroundings. 

Various aspects of the chemical relations of organisms have been studied 
by many investigators. The whole science of pharmacology and the con- 
tinually expanding study of antiseptics and their applications deal with 
these chemical relations. Applied plant pathology and the control of in- 
sect pests offer innumerable problems of differential toxicity. From the 
standpoint of agronomy and horticulture the chemical relations between 
higher plants and the chemical compounds in the soil solution have received 
a very large amount of attention. The study of the mineral nutrition of 
plants deals wholly with chemical relations and chemical influences and 
upon its findings since the time of Liesia have been built up modern ferti- 
lizer practice and the great fertilizer industries. Research in this general 
field continually results in new knowledge and leads to new applications, 
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while practical investigations result in scientific as well as practical ad- 
vance. Some of the most fundamental theoretical conceptions of physiol- 
ogy are largely based on knowledge of chemical retardation and stimulation 
gained through experiment; for example permeability, enzyme action, nar- 
cosis, anaesthesia, the breaking of physiological dormancy and many 
others. 

The nature of the problems concerning chemical influence on organisms 
is such that any single experimental investigation must necessarily be con- 
fined to a small number of compounds if many different concentrations are 
studied or else to few concentrations of each compound if many compounds 
are dealt with. Also, it is usually feasible for an investigator to work with 
only one kind of plant or animal or with but a few different forms, and 
with only one or a very few different developmental or physiological phases 
of any organism. Many plant forms have been studied in this connection 
by different workers, ranging from bacteria, fungi and algae to such plants 
as maize and sunflower. For the higher plants soil cultures and solution 
cultures have been employed to bring out the various influences exerted by 
solutes in the aqueous solution about the plant roots. Only rather recently 
have the influences exerted by gaseous compounds in the air about plant 
parts been subjected to extensive study, especially in connection with the 
ripening of fruits and other plant products in storage. The substances 
already mentioned in the literature of chemical influence represent almost 
the entire range of chemical compounds, from the simplest inorganic salts 
and carbon compounds like carbon monoxide, carbon dioxide and ethylene 
to the most complex substances with which chemical science struggles, like 
proteins, alkaloids and glucosides. 

A vast literature is available concerning the influence of inorganic com- 
pounds on plants. Some of these compounds supply essential nutritive 
elements, as nitrates, phosphates and sulphates of potassium, calcium and 
magnesium. These and others are commonly present in the soil solution, 
sometimes in highly injurious concentrations, and still others have been 
studied primarily to throw light on the general theory of toxicity and 
stimulation. In Sziics’s article (26) may be found a discussion of antag- 
onistic ion absorption in plants. A general summary of our knowledge 
of inorganic plant poisons has been made available by WINIFRED BRENCH- 
LEY (1). 

Organic compounds have received much attention, especially in connec- 
tion with applied science, as in medicine, in the search for new antiseptics 
and in the field of stimulants, narcotics and anaesthetics. Many carbon 
compounds have been studied to some extent in connection with the prob- 
lems of nutrition and of biochemistry in general. Substances that usually 
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occur in the plant or animal body or in natural environments have at- 
tracted much attention at the hands of experimenters. Studies have been 
made on some of the simpler organic compounds as they may influence bac- 
teria, fungi or lower animal forms. Much fundamental research on lower 
animals has been devoted to the lower fatty acids and related substances, 
especially with reference to permeability and cell division. 

A few recent papers may be mentioned. Mary E. Couuerr (5) studied 
the influence of organic and inorganic acids on Paramoecium and Euplotes. 
Crozier (6) studied the permeability of the cells of Chromodoris zebra 
with reference to several aliphatic acids. H. W. Smirn (25) studied the 
influence of these acids on cell division in eggs of Echinarachnius. LucKke 
and McCutcHeon (17), working with Arbacia eggs, related the rate of 
penetration of salts of organic acids to valency and other molecular 
characteristics. 

Much attention has been given to the toxicity of fatty acids in relation 
to bacteria and fungi (Kr6nie and Paut, 15; Taytor, 27.). J. F. Cuark 
(3) studied toxicity with reference to some filamentous fungi, : finding, 
among other things, that acetic acid was more toxic than the common min- 
eral acids. Dunn (8), working with the fungus Sclerotinia cinerea, 
thought hydrogen-ion concentration was the main factor determining the 
toxicity of the common mineral acids but that it was of only secondary im- 
portance in determining toxic action due to the simple fatty acids. Uppan 
(32) studied the influence of various organic acids on the germination of 
spores of Phytophthora colocasiae. 

Some organic acids have been studied with regard to their influence on 
the growth of higher plants. KAaHLENBERG and TRUE (14), Heap (10), 
KAHLENBERG and AustTIN (13), True (30) and CamMERoN and BREAZEALE 
(2) experimented with white lupine, pea, maize, wheat, clover, ete. 
DaAcHNOwWSKI (7) studied the influence of organic acids on the rate of trans- 
piration of tomato plants. Macut and his co-workers have employed root 
elongation in young seedlings of white lupine as an indicator of the relative 
toxicities of many organic compounds (Macut and Marguerite B. Liv- 
INGsTON, 20; Macut and Harriet P. Leacu, 19) and biological prepara- 
tions (Macut and Dorotuy Lusin, 21; Macut and W. T. Anprerson, 18). 
Macnrt has suggested the term ‘‘phytopharmacology’’ to mean the study 
of toxicities or other influences by means of plant organisms as indicators. 
EISENMENGER (9) studied the toxic effects of a number of aliphatic alco- 
hols in nutrient solution, on the rate of root elongation of soy-bean 
seedlings. 

In many studies concerning the influences of organic compounds on 
plants only a few different concentrations of each of the substances in ques- 
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tion have been tested and attention has been chiefly confined to lethal con- 
centrations. Comparatively little attention has usually been given to the 
requisite standardization of the plant material employed or to the back- 
ground conditions of the experiments. For these and related reasons and 
because most investigators in this field have chosen plant material mark- 
edly different from that used by others, very little progress has thus far 
been made toward any general understanding of even the simplest organic 
compounds in their relation to plants. Systematic study in this field has 
hardly begun and suitable technique for it remains mostly to be developed. 
The obvious necessities are: (1) That the plant material used should be as 
nearly the same as possible for the beginning of all comparable tests and 
should be so described as to permit repetitions of the experiments. (2) 
That all comparable experiments should be performed on material in the 
same developmental phase or stage of maturity—preferably a phase in 
which the rate of the physiological process to be measured does not auto- 
matically alter too much, in the healthy material used for controls, within 
the experiment period, or alters only in ways that may be satisfactorily 
taken into account in comparing the numerical results. (3) That the 
duration factor (lengths of observation intervals and exposure periods) 
should be given just as serious consideration as is accorded to any other 
influential feature. (4) That the background conditions of the environ- 
ment for all comparable tests should be just as adequately controlled, or 
at least just as thoroughly specified, as are the experimental variables 
themselves, repetition of otherwise fairly satisfactory experiments not in- 
frequently being rendered impossible because background conditions have 
not been suitably defined. (6) That the experimental variables (the com- 
pounds to be tested and their concentrations) should be adequately speci- 
fied. (7) Finally, that the effects or responses of the plant material to the 
various treatments or environmental complexes should be measured with 
adequate precision and should be recorded in suitable terms for convenient 
comparison. The last two desiderata are commonly well cared for in ex- 
perimentation but at least some of the others are apt to receive but scant 
attention. It is of course impossible as yet to fulfill all these requirements 
for ideal experimentation but it is surely desirable now to go as far toward 
the ideal as may be permitted by circumstances and facilities and by the 
nature of the research in question. 

The study reported in this paper was largely an attempt to develop a 
fairly consistent and feasible technique for studying the concentration rela- 
tions of chemical compounds to the elongation of the primary roots of white 
lupine seedlings. All the seedlings used were very nearly alike, having 
been grown from selected seeds under standard conditions. Their primary 
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roots were of nearly the same length and were in that developmental phase 
in which the rate of their elongation is automatically maintained for a long 
time with a maintained environment favorable to health. The treatment 
or exposure period, during which a chemical compound was present in the 
solutions around the roots, was of such length that control roots in stand- 
ard nutrient solution always showed a definite increment of elongation in 
that period. The external background conditions were specified in terms 
of a standard nutrient solution, a maintained temperature and a standard 
experimental procedure. The three simplest aliphatic acids, the potassium 
salt of one of them and one mineral acid were the compounds tested, with 
a large number of concentrations of each compound. In each ease the con- 
centrations tested were so chosen that the entire concentration range from 
zero to the concentration that inhibited root growth in the treatment 
period was well represented. The results consequently furnish a picture 
of the manner in which the influence of each compound depended on its 
concentration. 

This experimentation was carried on in the Laboratory of Plant Physi- 
ology of the Johns Hopkins University, with advice and guidance from the 
director of that Laboratory, Professor Burton E. Livineston. The writer 
wishes to express her thanks to Professor Livineston for facilities and 
equipment as well as for many helpful suggestions concerning procedure 
and technique, and especially for help in the interpretation of results and 
in the preparation of this paper. 


Methods and procedure 
THE EXPERIMENT ROOM 
All the experiments of this study were performed in the basement dark 
room of the Johns Hopkins Laboratory of Plant Physiology. There was 
some movement of air around the frame of the shuttered window and 
through the three-door labyrinth but no light entered the room. It was 
always dark excepting for a period of about three hours each day, when a 
50-watt electric light was in operation, for observation and manipulation. 
The air temperature of this room remained nearly constant for long periods 
of time but when suitably placed thermographs showed lowering tempera- 
ture an electric heater was brought into operation. Thus the air around 
the cultures was maintained between 18.8° and 21.0°, but the fluctuation 
for any single experiment was not as great as is indicated by these limits. 
A standardized white spherical atmometer situated near the cultures lost 
from about 13 ml. to about 20 ml. per day, which indicates low, rather uni- 
form evaporation intensity. 
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PREPARATION OF SEEDLINGS 


SEED GERMINATION.—The plant material used was seedlings of white 
lupine (Lupinus albus L.) with primary roots about 30 mm. long. These 
had all been grown from the same lot of seed, supplied by the Vaughan 
Seed Store, in Chicago, and stored in the experiment room. The seeds of 
this lot were very uniform in color, form and size—about 8 mm. in diame- 
ter and 3 mm. thick—and showed a germination percentage of 98 for the 
conditions employed. There was no evidence of any seed deterioration 
throughout the period of the study. 

For each set of experiments, requiring 90 or 105 selected seedlings, 
about 400 seeds were soaked 24 hr. in tap water at a temperature of 
20 + 2° and were then planted in the germinators. These were cylindri- 
cal glass pans 22 em. in diameter and 8 em. high, containing washed quartz 
sand of medium fineness moistened with 5 ml. of standard nutrient solution 
for each 100 ml. of sand. This medium had a volumetric water-holding 
power of 29.6 per cent., according to the Hizearp test (12) with a 1-cm. 
column. At the beginning of the study and after each period of use the 
sand and the germinator pans were thoroughly washed with distilled water 
and allowed to drain. The sand was spread out on paper in the green- 
house, where it became air dry and ready for use. 

Sand, moistened with nutrient solution, was rather firmly packed in the 
germinator pan to a depth of about 5.5 em. Approximately 175 soaked 
seeds were pressed, micropyle down, half way into the smoothed surface, 
after which air-dry sand was added to fill the pan level with the top. At 
the end of a germination period of about 48 hr. the dry sand was poured 
off and the seedlings were lifted by means of bone-tipped forceps applied 
to the cotyledons and all apparently unusual seedlings were discarded. 

Each of the selected seedlings from the sand culture was rinsed in 
standard nutrient solution and its root length was measured before it was 
placed in the preliminary solution culture. For any set of experiments 
the root lengths were all alike within plus or minus 2 mm. and the whole 
range of root lengths at this stage was only from 15 mm. to 22mm. 
Throughout these operations the roots were kept pointing downward and 
were not allowed to come in contact with the 15-cm. celluloid metric scale 
used in their measurement. About 35 acceptable seedlings with straight 
roots of the required length were obtained from each 100 seeds originally 
planted. 

PRELIMINARY SOLUTION CULTURES.—For the preliminary solution cul- 
tures cylindrical stone-ware jars (‘‘butter crocks’’) 30 em. in diameter and 
17 em. deep were used as containers, each with a multiperforate circular 
eover of reinforced paraffin about 8 mm. thick. This paraffin plate was 
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prepared from quarter-inch galvanized iron wire netting by filling and 
heavily coating with paraffin. The perforations were made with a cork 
borer. Each plate bore about 200 seedlings, identified by India-ink 
numerals on the paraffin. The plantlets were supported by their cotyle- 
dons, each root and hypocotyl extending downward through one of the per- 
forations and dipping into the solution to a depth of at least 8 mm. Each 
jar contained enough standard nutrient solution to bring the liquid surface 
nearly up to the plate. The seedlings remained in preliminary culture, 
where root elongation proceeded at a mean rate of somewhat over 1 mm. 
per hour until the roots were about 30 mm. long and the hypocotyls about 
10 mm. They were then removed, measured, recorded and placed in the 
experiment tubes for the treatment period. At this transfer only those 
seedlings were used which had straight roots 30 + 2 mm. long. About 25 
of these standard seedlings were thus obtained from each hundred seeds 
originally planted. 

In measuring for this selection, as well as for subsequent growth rates, 
only the roots were considered. The hypocotyls attained a length of about 
10 mm. in the preliminary culture, as has been said, and their subsequent 
elongation was practically negligible until the roots had attained a length 
of about 70 mm. Measurements were from the root tip to the easily visible 
ring or collet that marks the junction of root and hypocotyl in seedlings 
of this species. Because the collet is somewhat irregular, all measurements 
of each particular root were made on the same side, orientation being 
secured by reference to the plane of the cotyledons. Throughout the study 
the maximum error of measurement was not more than 1 mm. 


THE STANDARD NUTRIENT SOLUTION 


The nutrient solution used as standard throughout this study was of 
SHIvE’s (24) 3-salt type. It was prepared with distilled water from a 
Barnstead still and ‘‘C. P.’’ crystalline salts, the latter supplied by the J. 
T. Baker Chemical Co., of Phillipsburg, New Jersey. Each liter of the 
standard solution contained 0.820 g. (0.0050 mol.) of Ca (NO,)., 0.9395 g. 
(0.0069 mol.) of KH,PO,, and 1.128 g. (0.0094 mol.) of MgSO,. The pos- 
sible error for each salt was not over 0.6 per cent. in any instance. No iron 
was added. This solution had been calculated to have equal osmotic pro- 
portions of the three salts and a total osmotice-value of about one atmosphere 
at 20°. It produced very satisfactory growth in the seedlings of this study 
but no attempt was made to find an optimal solution and it of course re- 
mains possible that some other combination of these or other salts might 
have produced even more vigorous root growth. Several preliminary ex- 
periments showed that the total concentration of this solution might be as 
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much as 25 per cent. higher or lower without significant alteration in root 
elongation. 

An 18-1. lot of solution of each salt lasted throughout the entire study. 
The three single-salt stock solutions were stored in as many 5-gallon bottles 
in the experiment room. Each bottle had a rubber stopper bearing an air 
inlet, guarded by a calcium-chloride tube, and a siphon for removal of solu- 
tion. The siphon was provided with a bit of rubber tubing bearing a Mohr 
pinch cock and a short glass tip. 

The molar concentrations of the single-salt solutions, as ascertained by 
gravimetric analysis (TREADWELL and Hau, 28) were as follows: 0.500 
mol. KH,PO,, 0.532 mol. Ca(NO,), and 1.005 mol. MgSO,. The standard 
nutrient solution was prepared volumetrically from these single-salt solu- 
tions, usually 18 1. being made up at weekly intervals, or more often. It 
was stored like the single-salt solutions in the experiment room. 


THE EXPERIMENT SOLUTIONS 


EXPERIMENTAL VARIABLES AND BACKGROUND CONDITIONS.—By means of 
specified experiment solutions the physiological effects of the five com- 
pounds studied were ascertained by tests. These effects were of course 
measured in terms of the root elongation of standard seedlings. In the 
main part of the study the effect of each experiment solution was measured 
by comparing the amount of root elongation that occurred in it with the 
amount that occurred at the same time in standard nutrient solution with- 
out any added compound. Im a single series of experiments distilled water 
was used instead of standard nutrient solution and the control medium for 
these was of course distilled water without any added substances at all. 
All experiment solutions in any series were qualitatively alike at the start 
for all tests but differed with regard to the concentration of the sin- 
gle added compound. The six series of experiment solutions are set forth 
below, with the number of different solutions in each series. 


Series 1. Standard nutrient solution plus acetic acid at various con- 
centrations. 35 solutions. 


Series 1 A. Aqueous solutions of acetic acid. 19 solutions. 

Series 2. Standard nutrient solution plus propionic acid at various 
concentrations. 28 solutions. 

Series 3. Standard nutrient solution plus normal butyric acid at vari- 
ous concentrations. 28 solutions. 

Series 4. Standard nutrient solution plus sulphuric acid at various 
concentrations. 18 solutions. 

Series 5. Standard nutrient solution plus potassium acetate at vari- 
ous concentrations. 19 solutions. 
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In each series of experiments there was just one experimental variable, 
the concentration of the added compound, and all other influential condi- 
tions were approximately alike for the beginning of all tests in that series. 
When different series of the main group (Series 1, 2, 3, 4,5) are compared 
two experimental variables have to be considered, the nature of the added 
compounds and their respective concentrations. When the series based on 
distilled water (1 A) is compared with any other series, the complex of the 
three nutrient salts is of course an experimental variable. Excepting the 
experimental variables and the process rate that was to be measured 
(elongation of primary root), all variables were approximately alike at the 
beginning of all tests; that is, they are to be regarded as constants for any 
series and for all series. These constitute the experimental background; 
they were either maintained within limits of fluctuation set by the general 
technique or else they altered during the tests in ways determined by the 
interaction of seedling and solution. Among the approximately main- 
tained background conditions of the environment were temperature, light, 
evaporational intensity and oxygen supply. The internal characteristics 
of the standard seedlings were approximately alike at the start of all tests 
but they naturally altered with time and in accord with the influences ex- 
erted by the several experiment solutions. 

It should be mentioned that the experiment solutions all altered while 
in contact with the roots. A liquid medium surrounding a living root 
changes in many ways, through the absorption of molecules and ions by the 
root and through the escape of molecules and ions from the root. To avoid 
this troublesome consideration it would have been necessary to arrange for 
the experiment solutions to flow continuously around and past the roots at 
adequate rates. This aspect of the technique of physiological experimen- 
tation has been emphasized by TRELEASE and Livineston (29) and some 
later writers, but its introduction would necessarily narrow the field of any 
experimental study. This difficulty is sometimes avoided to some extent 
by renewing the experiment solutions at intervals, if the experiment 
periods are of suitable length, but other troublesome considerations are 
thereby introduced. 

PREPARATION OF THE EXPERIMENT SOLUTIONS.—The experiment solu- 
tions were prepared from standard nutrient solution or distilled water and 
simple stock solutions of the five chemical compounds whose influences on 
root elongation were to be studied. The acetic acid (CH,COOH) used was 
Merck’s ‘‘C. P.,’’ 99.5 per cent. The propionic acid (CH,CH,COOH) 
was from the Eastman Kodak Co., with boiling point 140°-142°. The nor- 
mal butyrie acid (CH,CH,CH,COOH) was from the same source, with 
boiling point 161°-163°. The sulphuric acid (H.SO,) and the potassium 
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acetate (CH,COOK) were from the J. T. Baker Chemical Co., the former 
being ‘‘C. P.,’’ 93.5-95.9 per cent. and the latter ‘‘C. P.,’’ Baker’s ana- 
lyzed. The stock solutions had the following concentrations, as ascertained 
by titration :— 

CH,COOH, 0.12096 N. 

CH,CH,COOH, 0.16120 N. 

CH,CH,CH,COOH, 0.09428 N. 

H.SO,, 0.08611 N. 

0.1272 N. 


CH,COOK } 9 3046 N. 


These were made up with distilled water and were stored in glass bottles 
in the experiment room. 

The experiment solutions based on standard nutrient solution were 
made volumetrically, by diluting the proper simple stock solution with 
standard nutrient solution to the required degree. For the lower concen- 
trations of the added compounds this was accomplished by several steps. 
The corresponding dilution of the nutrient solution was considered as neg- 
ligible; for the most concentrated experiment solutions this dilution never 
amounted to more than 7 per cent. No experiment solution containing the 
nutrient salts was ever stored longer than one week. 

The experiment solutions based on distilled water without nutrient salts 
were prepared from the simple stock solutions just as the others were, ex- 
cepting that water was used instead of standard nutrient solution. 

The actual concentrations of the added compound in each series of ex- 
periment solutions are shown in tables I-VI, expressed in terms of mil- 
lionths normal. Thus 2,560 millionths normal means the same as 0.002560 
N. Of course a solution so designated has 2,560 millionths of a hydrogen 
equivalent of the specified solute in each liter of solution. Normal and 
molar values are identical for the three organic acids and potassium ace- 
tate, but a normal-concentration value is numerically twice as great as the 
corresponding molar-concentration value in the case of sulphurie acid. 

HyYDROGEN-ION CONCENTRATION OF THE SOLUTIONS.—Approximate hydro- 
gen-ion concentrations of representative samples of each series of experi- 
ment solutions containing the nutrient, salts were determined by the 
colorimetric method of W. M. CuarK (4, p. 38). No buffer was added since 
all these solutions contained KH,PO, at a concentration of about 0.0023 
normal. The results, expressed in terms of the pH scale, are plotted in > 
figure 1 with graphs showing the general trends indicated by the points. 

From this figure it may be seen that the pH value for the standard 
nutrient solution was 4.4 and that all the solutions of every series were 
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Fie. 1. Graphs showing approximate relations of concentration of added compound to 
pH value in each of the five series of modified nutrient solutions. 





markedly acid. Of the five added compounds only potassium acetate pro- 
duced solutions of pH values above 4.4. The addition of that salt, even in 
very small concentration, raised the pH value markedly. As would be ex- 
pected from its chemical nature, sulphuric acid produced a marked lower- 
ing of the pH values of the nutrient solutions to which it was added, even 
when present in very !ow concentration. With progressively greater con- 
centrations potassium acetate and sulphuric acid were less effective in 
altering the hydrogen-ion concentration of the nutrient solution to which 
they were added. It is interesting to note that these two graphs are nearly 
symmetrical about the horizontal line for 4.4, the graph for sulphurie acid 
lying above that line and the one for the acetate below. 

The approximate graphs for the three organic acids appear in figure 1 
as straight lines sloping upward to the right of their points of intersection 
with the horizontal line for the pH value of 4.4. These points are all far 
from the y axis, which means that a considerable concentration of any one 
of the three organic acids was required to lower the pH value below 4.4 
sufficiently to be detected by the test methad used. This critical concen- 
tration value was found to be about 775 millionths normal for butyric acid, 
about 825 millionths normal for acetic acid and about 950 millionths nor- 
mal for propionic acid. But the precision of these colorimetric measure- 
ments is not high enough to warrant much emphasis on the exact order of 
these critical values. 
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THE EXPERIMENT PERIODS AND THE INDICES OF ROOT ELONGATION 


GENERAL PLAN OF EXPERIMENTATION.—Measured seedlings were allowed 
to remain in the experiment solutions for a treatment period of about 20 
hr., after which their roots were again measured. The seedlings were then 
rinsed in standard nutrient solution and returned to the preliminary cul- 
ture from which they had been taken. They remained there for a recovery 
period of 10 hr. Measurements and observations made in this period 
showed the after effects of the preceding treatment with the experiment 
solutions. For the treatment period each seedling occupied a separate test 
tube with about 27 ml. of experiment solution but for the recovery period 
all of the seedlings in any experiment had their roots in the same large jar 
of standard nutrient solution. All experiments began with measured 
standard seedlings grown as described above, each experiment comprising 
6 or 7 units of 15 seedlings each, all in any unit being treated alike. There 
was a control unit in each experiment, consisting of 15 seedlings in as many 
tubes of standard nutrient solution for the treatment period. An addi- 
tional control of 15 seedlings in as many tubes of distilled water was used 
for the experiments on solutions without the nutrient salts. The seedlings 
of both types of control were returned to the nutrient solution in the pre- 
liminary-culture jar for the recovery period. 

The average increment of root elongation was secured for each unit, for 
the treatment period and for the recovery period. These averages consti- 
tute the primary numerical results of this study. Each was finally ex- 
pressed as a percentage of the average from the corresponding control unit 
for the same period. 

THE TREATMENT PERIOD.—In the treatment period each plantlet occu- 
pied a separate rimless test tube of ‘‘ Pyrex chemically resistant’’ glass, 15 
mm. in diameter inside and 150 mm. long. Each tube had a paraffin- 
impregnated cork 17 mm. long, of the common taper form, with a central 
hole 5 mm. in diameter. The corks fitted the tubes so tightly that only 
about 2 mm. extended inside. Before the beginning of each experiment, 
tubes and corks were thoroughly washed with distilled water and dried by 
draining. When a change was to be made in the kind of experiment solu- 
tion the tubes were washed with cleaning mixture (concentrated H,SO, 
saturated with K,Cr,0,). In use, the tubes were held in rectangular wire 
racks holding 40 tubes each. Instead of tubes or stoppers being marked 
the tubes were identified by their positions in the rack. A thermograph 
on the shelf bearing the racks showed a maintained temperature of 20 + 1°. 

In setting up an experiment, each of the 15 tubes in each unit received 
about 27 ml. of the requisite solution and a cork was inserted. As the seed- 
lings from the preliminary culture were measured and recorded each satis- 





COGGESHALL: ELONGATION OF ROOTS 403 


factory one was mounted in a tube of the requisite solution, after being 
rinsed in a beaker of the same solution. The root was inserted through the 
cork, on the top of which the cotyledons rested. At that time the roots 
extended about 17 mm. into the solution, the free surface of which was ap- 
proximately 3 mm. below the top of the tube, or about 1 mm. below the 
bottom of the cork. 

The treatment period for each experiment lasted until the seedling 
roots of the nutrient-solution control unit had inereased in length by about 
26 mm.; that is, until the roots of that control unit had a mean length of 
56 mm. The length of the treatment period varied somewhat from one 
experiment to another because it was measured in terms of root growth of 
these control seedlings. Its actual duration was from 18 to 23 hrs. The 
variations may be considered as due to slight differences among the experi- 
ments with regard to prevailing influential conditions. 

The preliminary measurements of the control roots in standard nutrient 
solution, for ascertaining just when treatment would be discontinued, were 
made by observation through the walls of the tubes, without removing the 
plantlets, and they were consequently less precise than the subsequent 
regular measurements at the end of the treatment period, for which the 
seedlings were of course removed. 

At the close of the treatment period every seedling was removed from 
its tube and its root length was measured in the regular way. For each 
unit of the experiment in question there were thus obtained fifteen indi- 
vidual elongation increments for the treatment period. The average 
increment for this period was then computed for each unit and each 
average was expressed as a percentage of the control average for the same 
experiment. 

The percentage values thus secured are taken as numerical indices of 
root elongation in the treatment period and those derived from different 
series of experiments, as well as from different units of the same series, are 
comparable for all cases based on the same kind of control solution. The 
final phrase of the last statement is important because distilled water was 
the control medium for the tests made with solutions that did not contain 
the three nutrient salts while standard nutrient solution was the control 
medium for the other tests. These considerations may be illustrated by 
the following examples of typical measurements and computations for the 
treatment period. See page 404. : 

It is seen that the average elongation for unit B is expressed as a per- 
centage of the corresponding average for control unit A, while the per- 
centage index for unit D is based on the corresponding average for control 
unit C. These data are from one experiment for units A and B and from 
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Average for unit 24.8 6.0 3.6 

















Percentage index 100.0 68.3 100.0 60.3 





another experiment for units C and D. All percentage indices for the 
treatment period based on controls with standard nutrient solution are 
comparable throughout the whole range of this study. This is also true of 
all percentage indices based on controls with distilled water, but the two 
groups are to be kept distinct. 

THE RECOVERY PERIOD.—At the close of the treatment period each 
measured seedling was rinsed in standard nutrient solution and then 
returned to the paraffin plate on the preliminary-culture jar from which 
it had been removed for treatment. The solution in the jar had not been 
changed. After an interval of about 10 hrs. all roots were again measured 
and percentage indices of root elongation were derived in the same way as 
for the treatment period. These furnish a second series of growth indices 
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for each compound studied. Of course they refer to the after effects occur- 
ring in the 10-hr. interval after the treatments had been discontinued. The 
seedlings were left on the paraffin plate for several days and further 
observations were made, but branching soon occurred in the upper region 
of many injured roots and consistent measurements were then difficult or 
impossible. Only the first 10 hr. following the close of the treatment period 
will be considered in this report. 


Root ELONGATION IN THE CONTROL CULTURES 


THE MARCH OF ROOT ELONGATION IN CONTROLS WITH STANDARD NUTRIENT 
SOLUTION aT 20°.—The rate at which an organ enlarges usually alters as 
development proceeds, even when the environmental influences are all 
maintained. For organs of limited growth, such as these primary roots, 
elongation under favorable external conditions is slow at first, then increases 
to a relatively rapid rate, which may be maintained while a large increment 
is added, and finally decreases as maturity is approached. This grand 
march of the growth rate is controlled by internal changes when external 
conditions do not alter in the experiment period and it may be modified 
in any phase by stimulating or retarding influences acting from the out- 
side. In the lupine roots used in this study, when grown in standard 
nutrient solution by means of the technique described above for prelimi- 
nary cultures and nutrient-solution controls, elongation ceased or became 
very slow after a rather definite length had been attained, and further root 
growth then took the form of development of lateral branches. 

Since the results of most of these experiments were to be expressed 
with reference to control cultures in standard nutrient solution, it was 
important to know how the rate of root elongation changed as development 
advanced when the roots were kept in standard nutrient solution and the 
other conditions were those of the regular nutrient-solution controls. 
Three special experiments and two of the regular control units were 
employed to give information in this respect. These tests were performed at 
different times between October and February. Seedlings were removed 
from the germinator 26 or more hours after planting, being then measured 
and immediately placed in experiment tubes of stahdard nutrient solution, 
where they remained for a period of about 150 hr. The temperature was 
20+ 1°. In this period measurements of root length were made at inter- 
vals, in the regular way. The resulting data are shown graphically in 
figure 2, where the ages of the seedlings (reckoned from the time of plant- 
ing the seeds) are plotted as abscissas and the root lengths are ordinates. 
Each of the different symbols represents a separate experiment. 
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Fic. 2. Graph showing grand march of primary-root elongation in standard nutrient 
solution ; the several symbols represent different experiments. 


All the points taken together form a remarkably homogeneous and con- 
sistent series. The average march of root length with respect to time is 
approximated by the curve. The growth rate is shown to have increased 
until about the fortieth hour, when the average root length was about 
15 mm., after which the average rate was maintained (at a little over 1 mm. 
per hour) for about 45 hr., until the average length was about 65 mm. 
The rate then decreased and at the end of about 150 hr. it was only about 
0.2 mm. per hour, when the root was about 85 mm. long. 

This graph is similar to other curves for the grand period of growth in 
plants. In connection with the root-elongation indices to be considered 
below, the maintained rate between root lengths of 15 mm. and 65 mm. is 
specially interesting. This range of root lengths represents a phase of 
rapid enlargement at a nearly constant rate. In this phase enlargement 
was practically confined to the primary root. The cotyledons remained 
close together and without marked change, elongation of the hypocotyl was 
very slow and secondary roots had not yet begun to appear. At the end 
of this phase the hypocotyl began to show rapid elongation. 

Most of the experimentation of this study is referred to this develop- 
mental phase of plantlets in the nutrient-solution controls. According to 
the regular procedure the roots of the standard seedlings were about 30 mm. 
long and those in the nutrient-solution controls became about 56 mm. long 
in the treatment period and about 66 mm. long in the recovery period. 

INFLUENCES OF SLIGHT TEMPERATURE FLUCTUATIONS ON ROOT ELONGATION 
IN NUTRIENT-SOLUTION CONTROLS.—The temperature at which the experi- 
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ments of this study were conducted fluctuated between extremes of 18.8° 
and 21.0°, as has been indicated, and the results to be presented farther on 
consequently refer to a maintained temperature of about 20°. The follow- 
ing data seem to show that the temperature deviations may generally be 
neglected. These data refer to regular control units with standard nutrient 
solution, for the treatment period of about 20 hr. 
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It is clear that there is no consistent relation between temperatures and 
mean hourly growth rates and that deviations related to unknown influ- 
ences (including internal variations of the seedlings and errors of observa- 
tion) must have been sufficiently great to mask any temperature influence 
that might be evident if all the non-temperature influences had been ideally 
constant for the series. For the interpretation of the standard-solution 
controls throughout the entire study it is safe to suppose that such slight 
temperature fluctuations as may have occurred may be considered as negli- 
gible, in relation to the inevitable innate variability of the standard seed- 
lings and possible errors of technique. The average hourly rate of elonga- 
tion of these roots in standard nutrient solution, for the regular treatment 
period is 1.27 mm., which is equivalent to an average enlargement of 25 mm. 
in a period of 20 hrs. The greatest deviation from this average rate was 
12.6 per cent. (1.11 mm. in the above tabulation). 

CONTROLS WITH DISTILLED WATER.—Very little root elongation occurred 
in the distilled-water controls during the treatment period and these roots 
failed to elongate further when returned to standard solution for the 
recovery period. After about four days they began to produce laterals, 





408 PLANT PHYSIOLOGY 


however, showing that the distilled-water treatment had not killed the 
entire root. The relations between distilled-water cultures and nutrient- 
solution cultures for the treatment period and the succeeding 10-hr. interval 
are shown below. 








Elongation in | Elongation in distilled water 
standard nutri- 
ent solution Actual | Percentage index 








mm. . 
Treatment period, about 20 hr. ................ 25.7 16.7 








10-hr. recovery period 10.0 Y 0.0 





It will be remembered that the standard seedlings (with roots 30 mm. 
long) had shown a mean rate of elongation of about 1 mm. per hour in 
preliminary solution culture and that this rate had been nearly the same 
for the previous 15 mm. of elongation. The control units in standard 
nutrient solution continued to show this maintained rate of root growth till 
the end of the recovery period but the control units in distilled water are 
seen to have been very markedly retarded in the treatment period. Dis- 
tilled water consequently acted as a highly toxic medium, which is in accord 
with the statements of many writers who have experimented with distilled 
water as a medium for plant cultures. 

A special series of measurements was made to secure information con- 
cerning the manner in which distilled-water retardation first became mani- 
fest after the transfer of a seedling from the standard solution. The root 
of a standard seedling that had been growing in a tube of standard nutri- 
ent solution for 2 hours in the experiment room, was measured several 
times in the next 15 minutes, by means of a horizontal microscope used like 
a cathetometer. The mean hourly rate of elongation was 1.46 mm., with 
fluctuation between 1.43 mm. and 1.51 mm. After the mean rate of growth 
in nutrient solution had been thus ascertained the seedling was quickly 
rinsed in distilled water and mounted in a tube of this medium, and the 
microscopic readings were continued for 2 hr. Only half a minute was 
required for the transfer. The distilled water had the same temperature 
as the nutrient solution. Its hydrogen-ion concentration was markedly 
lower than that of the nutrient solution; the pH value of the water was 
about 5.6, while that of the solution was about 4.4. Promptly after the 
change of medium the root began to show growth retardation, which gradu- 
ally increased throughout the period, as is shown by the graph of figure 3. 

It is clear from this special series of measurements that injury by dis- 
tilled water progressed for several hours. In the distilled-water con- 
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Fig. 3. Graph showing gradual slowing down of primary-root elongation after transfer 
of a standard seedling from standard nutrient solution to distilled water. 


trols of the regular experimentation elongation of the primary root had 
ceased before the end of the treatment period, the mean length of which 
was 21.2 hr. The individual roots of the distilled-water control units 
showed much greater variability than was shown by those of the nutrient- 
solution units. This may have been partly due to the fact that these mea- 
surements were relatively much less precise, because of the small amount 
of elongation measured, but the same was true of the averages for the sev- 
eral units, and errors of measurement can scareely be accountable for that, 
since there were 15 seedlings in every unit. In some instances the 
treatment-period average for a distilled-water unit was as much as 40 per 
cent. larger or smaller than the mean of all such averages. Since no aver- 
age for any nutrient-solution unit deviated from the mean of all such units 
by more than 8.3 per cent., as has been said, it is clear that the distilled 
water used acted on these seedlings not only to retard root elongation to a 
very great degree but also to make it appear that their innate variability 
was much greater than was apparent from the nutrient-solution tests. It 
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is generally true that the innate variability of a stock of organisms is more 
pronounced for somewhat unhealthy or injured organisms than for more 
healthy ones. 

Many writers on toxicity and the chemical stimulation of plants have 
employed distilled water as the only control medium in their experiments. 
As has been emphasized by Trur (31) and Suive (24), however, such a 
control is very unsatisfactory both logically and practically. Distilled 
waters are apt to differ as to their impurities, and cultures in this medium 
may therefore be impossible of repetition. Even if laboriously purified by 
redistillation, ete., distilled water is easily contaminated by contact with 
the air or in other ways, and of course it cannot remain pure after organ- 
isms have been placed in it. Furthermore, for plants with roots in water 
very low concentrations of toxic solutes generally have much more marked 
effects in the absence of the essential nutrient salts than when those salts 
are present in proportions and concentrations suitable to maintain health. 
Finally, seedlings such as those employed in this study can live but a few 
weeks with their roots in distilled water. No matter how nearly pure the 
water may be, the plant must be injured from the start, partly through loss 
of considerable amounts of essential ions and partly because the necessary 
absorption of essential mineral nutrients is of course prevented. 

The problem of distilled-water toxicity is interesting in itself and it has 
received much attention (see, for example: Livineston, 16; Scartu, 23; 
Mevius, 22), but the results of an investigation of any particular lot of 
water can refer only to that lot, because of the great difficulty and uncer- 
tainty of securing different lots that are alike as to impurities. The im- 
portance of this problem practically vanishes, however, when a good 
nutrient solution is employed as reference basis in studies on nutrition, 
toxicity and the like. Many workers have noted that very low concentra- 
tions of impurities such as may occur in fairly good distilled water exert 
no observable influences on most organisms when the essential nutrient sub- 
stances are present in suitably balanced concentrations. With these con- 
siderations in mind it was decided to employ modified nutrient solution for 
the main part of this study. Only one series of tests with solutions that 
did not contain the three nutrient salts is reported. 


Results 
GENERAL STATEMENTS 
The main results of this study will be presented in the five following 
subsections. As has been said, they are regularly in the form of percent- 
age indices of primary-root elongation. When the index for a given ex- 
periment is 100 it means that the average elongation in that test was the 
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same as in the corresponding control unit ; indices above 100 indicate stimu- 
lation (greater average elongation than was given by the corresponding 
control unit) and indices below 100 show retardation (less elongation than 
was given by the corresponding control unit). A number of the experi- 
ment solutions were tested twice, in different experiments, and the index 
values given in such instances illustrate the general degree of experimental 
deviation that should be allowed for in each series. Because the different 
concentrations of the added compound in any series of experiment solutions 
form an ascending series of concentrations with relatively small intervals 
or steps, the weight or significance of the index value for any solution is 
to be estimated mainly with reference to the values for other solu- 
tions above and below it in its series. In spite of considerable deviations, 
the percentage indices for each series are remarkably consistent in their 
indications concerning the various degrees to which the rate of primary- 
root elongation was affected by different concentrations or physiological 
intensities of the same compound. 

The main numerical data are presented in tables I, III, IV, v, VI and 
VII, and also graphically in figures 4, 6,7, 8 and 9. In each of these tables 
the tested concentrations of the added compound are shown in the first 
column, as millionths normal, the percentage indices for the treatment 
period are in the second column and those for the 10-hr. recovery interval 
are in the third. In each figure the two series of values are plotted as ordi- 
nates, with abscissas representing the corresponding concentrations. 
Points for the treatment series are shown as dots and those for the recov- 
ery period are circles. Of the two graphs in each of these figures, the full 
line represents the treatment indices and the broken line represents the 
recovery indices. 

Besides the regular series of experiment solutions for each of the five 
compounds studied, there were two extra series dealing with acetic acid in 
special ways. The results of these will appear below. 


RESULTS WITH ACETIC ACID 


ACETIC ACID IN STANDARD NUTRIENT SOLUTION.—There were 35 different 
experiment solutions containing acetic acid in addition to the regular nutri- 
ent salts, and the partial concentrations due to the acid ranged from 35 to 
6,652 millionths normal, as shown in table I. In the same table are pre- 
sented the percentage indices of primary-root elongation for the treatment 
period and for the recovery period. The percentage index of growth re- 
tardation is naturally always 100 minus the elongation index; an elonga- 
tion of 90 per cent. means a retardation of 10 per cent. Of course the 
percentage values show much unaccountable fluctuation as one reads either 





TABLE I 


DATA FOR ACETIC ACID IN NUTRIENT SOLUTION 








RELATIVE AVERAGE ELONGATION EXPRESSED AS PERCENTAGE 

CONCENTRATION OF CORRESPONDING CONTROL AVERAGE 

OF ACETIC ACID 

IN NUTRIENT For TREATMENT PERIOD FoR RECOVERY PERIOD 
SOLUTION (NUTRIENT SOLUTION (NUTRIENT SOLUTION 

WITH ACID) WITHOUT ACID) 








millionths normal per cent. per cent. 
35 88.3 102.0 
60 97.5 108.0 
92.0 
" 103.0 


98.0 
106 95.5 


103.0 
142 107.0 


90.0 
108.0 


94.6 
107.0 
83.0 
100.0 
126.0 
81.0 
103.0 
99.0 
90.0 
112.2 
114.0 
93.5 
107.0 
95.1 


116.5 
124.0 


112.0 


131.5 
113.0 


112.8 
64.7 
45.3 
34.5 
24.7 
15.4 

3.2 


0 








11.8 


0.8 
3.5 
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column in the table. The broad-line graphs of figure 4 approximately rep- 
resent the relations in question and the dots indicate the actual data. 
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Fie. 4. Graphs showing influence of acetic acid on primary-root elongation. The 
two broad lines represent nutrient solutions to which the acid had been added in various 
concentrations, dots and the continuous line being for the treatment period while circles 
and the broken line are for the recovery period; data are from table I. The narrow 
line represents simple solutions of acetic acid in distilled water, for the treatment 
period; data are from table II. 


For the Treatment Period, during which the roots were subject to the 
direct action of the acid in the medium, the continuous broad-line graph 
indicates that the experiment solutions with concentrations of acid below 
about 500 millionths normal gave less root elongation than was given by 
the control nutrient solution without addition of acid. For this concentra- 
tion range ordinates are less than 100 and the greatest retardation is indi- 
cated for an ordinate of about 88, with acid concentration of about 175 
millionths normal. Elongation percentages are shown as less than 90 for 
the concentration range from about 110 to about 260 millionths normal. 
After this minimal region is passed the treatment-period graph bends up- 
ward and the concentration range from about 500 to about 750 millionths 
normal shows percentages little below 100; for these solutions there was 
little or no retardation of growth, and no stimulation is indicated. The 
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graph then slopes rapidly downward and becomes nearly rectilinear be- 
tween ordinates of 90 and 30, corresponding to acid concentrations of about 
880 and about 1,520 millionths normal, respectively. For this range 
growth retardation appears to have increased by 1 per cent. for each acid- 
concentration increase of about 10 millionths normal. The slope then 
gradually decreases and the graph again becomes a nearly straight line, but 
now nearly parallel with the x axis, beyond the point for a concentration 
of 3,000 millionths normal, at which point the ordinate is about 10. 

Turning to the Recovery Graph, the broken line of figure 4, which rep- 
resents the after effect of the acid treatment for the first 10 hr. after treat- 
ment had ceased with the return of the seedlings to standard nutrient 
solution, a pronounced stimulation of growth is indicated for the acid-con- 
centration range below about 920 millionths normal. This stimulation 
amounts to 10 per cent. or more for the seedlings treated with acid solu- 
tions having concentrations between about 300 and about 750 millionths 
normal. For treatments with acid solutions more concentrated than about 
920 millionths normal the recovery index decreases regularly, as indicated 
by a nearly straight line, until the treatment concentration of the 
acid reaches about 1,750 millionths normal and the percentage index at- 
tains the low value of 10. For this range of acid concentrations, from 
about 920 to about 1,750 millionths normal, the slope of the graph indicates 
an increase in retardation, or a decrease in relative elongation, of 1 per 
cent. for each increase in concentration of about 8 millionths normal. Be- 
yond the ordinate 10 the graph continues to slope downward with concen- 
trations still higher than 1,750 millionths normal, but at a decreasing rate, 
and the z axis is apparently reached with a concentration of about 2,120 
millionths normal. This means that previous treatment with an experi- 
ment solution having an acid concentration of about 2,120 millionths nor- 
mal, or higher, had so injured the primary roots that they failed to elon- 
gate at all in the 10-hr. recovery period. All these general indications are 
of course only approximations, but the actual data are shown by the cir- 
cles of figure 4. 

It is interesting to observe that the two broad-line graphs of figure 4 
intersect at about the point for 1,575 millionths normal acid concentration 
and an elongation index of about 27, which means that treatment with an 
experiment solution having this concentration of acetic acid produced a 
direct effect amounting to a growth retardation of 73 per cent. and that its 
after effect, as here measured, was numerically about the same. However, 
the two graphs are close together throughout the range of concentrations 
from about 1,000 to about 1,500 millionths normal and it is probably safe 
to consider the direct toxicity and the after effect as about alike for this 
concentration range. 





COGGESHALL: ELONGATION OF ROOTS 415 


It is obvious that the exact shapes of these two broad-line graphs of 
figure 4 may be quantitatively more or less in error, especially in the re- 
gions representing the double reversal and the occurrence of after-effect 
stimulation. The evidence for these features should be regarded as tenta- 
tive until more extensive experimentation may be carried out on the growth 
behavior of this kind of roots in comparatively low concentrations of acetic 
acid in nutrient solution. At any rate, a reliable picture of what was actu- 
ally observed in the present brief study is given by these graphs and their 
dots and circles. 

ACETIC ACID IN DISTILLED WATER.—Nineteen different concentrations of 
acetic acid without the three nutrient salts were tested with control units 
in distilled water. These concentrations ranged from 19 to 3,629 millionths 
normal, as shown in the first column of table II. The numerical results of 
this series of tests are shown for the treatment period in the second column 
of the same table, and by the narrow-line graph of figure 4. To avoid con- 


TABLE II 


DATA FOR ACETIC ACID IN DISTILLED WATER, FOR TREATMENT PERIOD 








RELATIVE AVERAGE RELATIVE AVERAGE 

CONCEN- ELONGATION (PERCENT- CONCEN- ELONGATION (PERCENT- 
TRATION AGE OF CORRESPOND- TRATION AGE OF CORRESPOND- 
OF ACID ING CONTROL AVERAGE OF ACID ING CONTROL AVERAGE 
FOR DISTILLED WATER) FOR DISTILLED WATER) 





millionths o_orn millionths 
normal P : normal 


19 133 907 


per cent. 





121 | 1,210 
38 f | , 
Y 82 





121 1,512 
98 


115 1,814 


102 | 2,117 
90 | 2.419 
2,722 


3,024 


3,175 
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fusion the actual points of observation for this graph are not shown. That 
there were large deviations for the least concentrated solutions is clear from 
the table. 

On the narrow-line graph of figure 4 a pronounced after-effect stimu- 
lation is indicated for a range of acid concentrations below about 250 mil- 
lionths normal and no elongation occurred with solutions more concentrated 
than 3,100 millionths normal. Beyond the stimulation range acetic acid 
appears to have been more toxic when used alone in the treatment period 
than when accompanied by the three nutrient salts. This supports the 
generalization that the poisonous action of a solute may be greatly retarded 
or prevented through concomitant action of nutrient salts or other sub- 
stances in the same solution. 

As has been mentioned, the control seedlings that had been in distilled 
water alone during the treatment period failed to show any root elongation 
in the recovery period, having been seriously injured by the treatment. 
Those that had been in simple solutions of acetic acid during the treatment 
period also failed to show elongation of the primary roots in the 10-hr. 
recovery period, as would be expected. In the next four days, however, 
the seedlings from distilled water and those from acetic-acid solutions with 
concentrations below about 1,512 millionths normal all developed secondary 
roots, showing that the entire root had not been killed either by the dis- 
tilled-water treatment or by treatment with the less concentrated simple 
solutions of this acid. 

ACETIC ACID AT CONTINUOUSLY INCREASING CONCENTRATION IN FLOWING 
NUTRIENT SOLUTION.—In two like experiments of a preliminary nature a 
seedling root was measured with a horizontal microscope every 15 minutes 
for 9.25 hr., while a continuously changing experiment solution containing 
acetic acid and the nutrient salts flowed around and past it at a rate of 
about 36 ml. per hour. Only one standard seedling was used in each ex- 
periment, mounted in the usual manner but in a 50-ml. test tube. The 
paraffined cork bearing the seedling had two extra perforations, for inlet 
tube and outlet tube, and the waste solution dripped into a graduated cyl- 
inder by means of which the rate of flow was ascertained from time to time. 
The inlet extended nearly to the bottom of the test tube and the outlet 
reached only slightly below the upper surface of the cork. 

Standard nutrient solution and the same solution to which acetic acid 
had been added so as to have an acid concentration of 3,024 millionths nor- 
mal were brought together at the requisite calculated rates from two 50-ml. 
burettes. The resulting mixture then passed slowly through two glass mix- 
ing chambers before being discharged into the culture tube. A very 
thorough mixing of the two solutions was thus secured and also a very 





COGGESHALL: ELONGATION OF ROOTS 417 


gradual change in the acid concentration of the slow stream through the 
culture tube. The rate of flow through the culture tube was kept nearly 
constant but the flow of acid solution into the mixer was regulated by hand, 
so that the acid concentration of the mixed solution increased gradually 
from 0 to about 3,024 millionths normal. These two experiments were per- 
formed in the experiment room but the temperature was higher than usual 
(about 23°) because of a continuously glowing electric lamp and the con- 
tinuous presence of the operator. 

In the beginning the apparatus was filled with standard nutrient solu- 
tion and several microscopic measurements were made to ascertain the rate 
at which elongation was taking place in that solution. The average from 
these preliminary measurements was taken as the basis for computing the 
percentage increments for succeeding 15-minute intervals after the flowing 
solution began to change. At the end of the experiment the root was sur- 
rounded by a solution containing the nutrient salts just as at the start 
but with the addition of acetic acid at a concentration closely approaching 
3,024 millionths normal. 
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Fig. 5. Graphs showing the march of primary-root elongation in a continuously 
flowing solution with gradually increasing concentration of acetic acid but with the con- 
centrations of the three nutrient salts maintained as in standard nutrient solution. The 
step graphs represent separate experiments and the curve represents a combination of 
the two. 
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The numerical results of these two special experiments are shown 
graphically in figure 5, where abscissas represent time and ordinates are 
the elongation percentages. Each percentage value is plotted as at the end 
of its 15-minute interval, the points for one series being dots and for the 
other circles. The curve shows the general trend indicated by these two 
sets of points. 

As is readily seen, these two experiments were not in agreement as to 
details, especially for the first four hours, but they agree in indicat- 
ing marked stimulation at first (with very low acid concentrations) and 
increasing retardation afterwards (as the acid concentration in the flowing 
solution increased). The generalized curve resembles the graphs of figure 
4 in some respects but differs from them in others. The four graphs can- 
not be compared in detail, of course, but their combined evidence shows at 
least the possibility of marked stimulation of these roots by acetic acid at 
low concentrations. Whether or not such stimulation was actually shown 
seems to have depended on the technique employed in experimentation. 
Many hypothetical explanations of the differences between these four 
graphs might be elaborated but they need not be presented at this time. 


RESULTS WITH PROPIONIC ACID IN NUTRIENT SOLUTION 


Twenty-eight different experiment solutions were tested with propionic 
acid in addition to the regular nutrient salts. The acid concentrations 
ranged from 30 to 12,090 millionths normal, as shown in the first column 
of table III. In the second and third columns are presented the percent- 
age indices of root elongation for the treatment period and for the recovery 
period. This table is arranged like table I and the two graphs of figure 6 
approximately represent the numerical values as in the case of the broad- 
line graphs of figure 4. 

For the Treatment Period, the continuous-line graph of figure 6 slopes 
rapidly downward from the start, without clear indication of stimulation 
by the solutions of very low acid concentration. It is nearly rectilinear 
for the concentration range from about 250 to about 750 millionths normal, 
its slope in this region representing a decrease in the elongation index from 
about 85 to 30 and a growth retardation of 1 per cent. for each increase in 
acid concentration of about 6 millionths normal. Beyond the point for an 
acid concentration of about 750 millionths normal the slope decreases and 
the graph again becomes nearly rectilinear, and not far from horizontal, 
for the broad concentration range from about 1,500 to about 12,090 mil- 
lionths normal. For this whole region the ordinate decreases from about 
11 to 0. The acid concentration for a growth index of 90 per cent., (that 
is, for a retardation of 10 per cent.) is shown as about 190 millionths 
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TABLE III 
DATA FOR PROPIONIC ACID IN NUTRIENT SOLUTION 
RELATIVE AVERAGE ELONGATION EXPRESSED AS PERCENTAGE 
ConcENTRATION OF OF CORRESPONDING CONTROL AVERAGE 
PROPIONIC ACID IN 
2 For TREATMENT PERIOD For RECOVERY PERIOD 
EO ee ee (NUTRIENT SOLUTION (NUTRIENT SOLUTION 
WITH ACID) WITHOUT ACID) 
millionths normal per cent. per cent. 
30 103.0 114.0 
40 92.0 100.0 
81 113.0 94.0 
106.0 128.0 
| -_ 95.0 104.0 
} 121 117.0 113.0 
| 161 83.5 118.0 
§ 102.0 101.0 
™ 91.3 | 105.3 
82.1 68.7 
9 ae | . 
aes \ 78.0 62.1 
322 72.7 | 42.3 
403 80.7 | 61.0 
504 64.0 35.0 
569 45.0 22.9 
604 46.0 41.5 
705 37.0 | 22.4 
806 28.6 4.5 
907 18.6 6.0 
1,007 17.6 177 
1,209 14.5 | 9.6 
1,417 | 14.2 4.7 
1,612 12.2 5.8 
1,814 9.8 6.8 
11.7 0.4 
9 . : 
2,015 } a | : 
4,030 | 8.9 2.9 
6,045 | 8.5 4.4 
7,254 5.0 1.4 
8,060 | 3.9 | 5.8 
9,672 | 3.4 0 
12,090 0 0 


\ | 





normal, and the concentration for an index of 10 per cent. (a retardation 
of 90 per cent.) is about 2,200 millionths normal. 

This treatment-period graph for propionic acid in nutrient solution 
differs from the corresponding graph for acetic acid in that it does not show 
the reversals that characterize the other graph near the start and it does 
not approach the base line so rapidly in its final, nearly horizontal portion. 
The graph for propionic acid is much like that portion of the acetic-acid 
graph which lies beyond the ordinate for a concentration about 600 mil- 
lionths normal. Neglecting the reversals of the acetic-acid graph, we 
might say that acetic acid had very little effect in concentrations below 
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about 600 millionths normal, while propionic acid had a very marked effect 
in the lowest concentrations tested. Altogether, it appears that propionic 
acid was considerably more toxic than acetic acid. 

For the Ten-Hour Recovery Period, represented by the broken line of 
figure 6, a pronounced stimulation is indicated for propionic-acid concen- 
trations below about 200 millionths normal and that concentration appears 
to have had no effect. Beyond this region of stimulation the graph descends 
very rapidly at first and then more and more slowly. The ordinate for an 
elongation index of 10 corresponds to about 1,300 on the seale of abscissas 
and the complete graph meets the base line at the point representing an 
acid concentration of about 9,500 millionths normal. 

This graph resembles the corresponding one for acetic acid but the 
stimulation range for propionic acid is apparently much narrower. This 
supports the supposition that propionic acid was the more active physiologi- 
cally. On the other hand, a much higher concentration of propionic acid 
was required to prevent any root elongation in the 10-hr. recovery period. 
This may suggest that the roots recovered from non-lethal poisoning by 
propionic acid more readily than they did from a like degree of injury 
produced by acetic acid. 
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Fic. 6. Graphs showing influence of propionic acid on primary-root elongation. Dots 
and continuous line represent the treatment period while circles and broken 
line represent the recovery period; data are from table ITI. 
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The two graphs for propionic acid intersect at the point for an acid con- 
centration of about 270 millionths normal and a percentage index of about 
85. Beyond this point they lie close together, the after-effect graph being 
below the other. 

The dots of figure 6 suggest some stimulation in the treatment period 
but the curve does not take this suggestion into account. There seems to 
be no doubt of the occurrence of after-effect stimulation, although the initial 
convex portion of the broken-line graph, representing this stimulation, may 
be somewhat too low or too high. 


RESULTS WITH NORMAL BUTYRIC ACID IN NUTRIENT SOLUTION 


The experiment solutions with normal butyric acid in nutrient solution 
were 26 in number, ranging in acid concentration from 47 to 4,714 millionths 
normal. The data for this series of experiments are presented in table IV 
and in figure 7, arranged as are the data in the corresponding tables and 
figures for acetic acid and propionic acid. 
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Fig. 7. Graphs showing influence of normal butyric acid on primary-root elongation. 
Dots and continuous line represent treatment period while circles and broken 
line represent recovery period; data are from table IV. 

For the Treatment Period, the continuous-line graph of figure 7 is essen- 
tially like that for propionic acid but it descends somewhat more rapidly. 
There is no suggestion of any butyric-acid stimulation in the treatment 
period. The graph meets the base line at the point for an acid concentra- 
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TABLE IV 


DATA FOR NORMAL BUTYRIC ACID IN NUTRIENT SOLUTION 








RELATIVE AVERAGE ELONGATION EXPRESSED AS PERCENTAGE 


CoNCENTRATION OF CORRESPONDING CONTROL AVERAGE 


OF N. BUTYRIC ACID IN 
NUTRIENT SOLUTION 





FOR TREATMENT PERIOD FOR RECOVERY PERIOD 
(NUTRIENT SOLUTION (NUTRIENT SOLUTION 
WITH ACID) WITHOUT ACID) 





millionths normal per cent. per cent. 

47 96.0 96.2 

71 96.3 114.0 

94 95.1 98.8 

106 78.0 85.0 

118 69.4 83.0 

189 62.2 41.8 

236 . 52.0 38.6 

353 41.9 23.9 
471 33.3 
i 32.8 
599 25.8 
648 23.6 
707 22.6 
825 
943 
1,061 
1,178 
1,296 
1,414 


1,532 
1,650 
1,885 
2,357 
2,593 
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tion of about 4,000 millionths normal. Butyric acid consequently seems 
to have been more toxic than propionic acid. The concentration for an 
elongation index of 90 is shown as about 30 millionths normal and that for 
an index of 10 appears as about 2,000 millionths normal. 

For the 10-Hour Recovery Period, the graph for butyric acid would be 
nearly like the corresponding one for propionic acid if the latter were moved 
a little to the left. The broken-line curve is drawn to indicate stimulation 
for a very narrow range of the lowest concentrations (below about 85 mil- 
lionths normal) but this is really no more than a suggestion, for the evi- 
dence therefor is just the single percentage value for the concentration 71 
millionths normal. 
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This butyric-acid graph reaches the base line at the point for a concen- 
tration of about 2,080 millionths normal. Both of these butyric-acid 
graphs, when compared with the corresponding ones for propionic acid, 
indicate that butyric acid was somewhat more active physiologically than 
was the other acid. 

The two graphs of figure 7 intersect at the point representing an acid 
concentration of about 150 millionths normal and a percentage index of 
elongation of about 69. 


RESULTS WITH SULPHURIC ACID IN NUTRIENT SOLUTION 


Eighteen different concentrations of sulphuric acid were tested in stand- 
ard nutrient solution, ranging from 438 to 2,583 millionths normal. The 
results are shown in table V and figure 8. 

















TABLE V 
DATA FOR SULPHURIC ACID IN NUTRIENT SOLUTION 
RELATIVE AVERAGE ELONGATION EXPRESSED AS PERCENTAGE 
CoNCENTRATION OF OF CORRESPONDING CONTROL AVERAGE 
SULPHURIC ACID IN 
nas | See |. Gumecsaaer 
WITH ACID) WITHOUT ACID) 
millionths normal per cent. per cent. 
43 99.0 115.0 
65 98.3 113.0 
108 94.5 90.0 
172 90.9 | 99.0 
215 90.0 | 83.8 
323 84.0 64.8 
430 74.5 57.6 
495 64.7 42.8 
538 59.1 49.0 
646 29.7 29.6 
753 18.1 5.1 
861 11.3 1.5 
1,076 7.5 5.1 
1,292 7.6 2.0 
1,477 2.9 5.1 
1,722 2.5 0 
2,152 1.1 0 
2,583 0 5.1 











For the Treatment Period, the sulphuric-acid graph (continuous-line of 
figure 8) follows the corresponding graph for propionic acid very closely 
in the region of acid concentrations from 0 to about 500 millionths normal. 
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Fie. 8. Graphs showing influence of sulphuric acid on primary-root elongation. 
and continuous line represent treatment period while circles and broken 
line represent recovery period; data are from table V. 


It then descends more rapidly than the one for propionic acid and reaches 
the base line about the point for an acid concentration of 2,120 millionths 
normal. 

For concentrations below about 500 millionths normal the toxicity of 
this mineral acid appears to have been about like that of propionic acid 
and for higher concentrations sulphuric acid was apparently considerably 
more toxic than either of the organic acids tested. For an elongation per- 
centage of 90 the concentration of sulphuric acid is shown as about 210 
millionths normal and for a percentage of 10 (a retardation of 90 per cent.) 
it appears to have been about 950 millionths normal. There is no sugges- 
tion of any stimulation by sulphuric acid in the treatment period. 

For the Ten-Hour Recovery Period, the graph for sulphuric acid (the 
broken line of figure 8) is drawn to indicate stimulation for a narrow range 
of low acid concentrations, very much as are the corresponding graphs for 
propionic acid and butyric acid. But actual evidence for stimulation is 
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not more significant here than in the corresponding case of normal butyric 
acid (observe the circles at the extreme left). We should say that after- 
effect stimulation by sulphuric acid is no more than suggested by the data. 

Beyond the region of suggested stimulation the graph for sulphuric acid 
closely follows the corresponding one for propionic acid as far as the point 
representing a concentration of about 500 millionths normal and an elonga- 
tion index of about 39. From that point onward it descends more rapidly 
than the corresponding propionic-acid graph and meets the base line at a 
point for a concentration of about 1,430 millionths normal. In this re- 
spect it is similar to the recovery graphs for both acetic acid and normal 
butyric acid. 

The two graphs of figure 8 intersect at the point representing an acid 
concentration of about 150 millionths normal and a percentage index of 
elongation of about 93. 


RESULTS WITH POTASSIUM ACETATE IN NUTRIENT SOLUTION 


Nineteen different concentrations of potassium acetate in standard 
nutrient solution were tested, ranging from 228 to 15,230 millionths nor- 
mal. The results of these tests are shown in table VI and figure 9. 

For the Treatment Period, the acetate graph (the continuous line of 
figure 9) shows no stimulation and the toxicity of this compound appears 
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Fie. 9. Graphs showing influence of potassiwm acetate on primary-root elongation. 
Dots and continuous line represent treatment period while circles and broken 
line represent recovery period; data are from table VI. 
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to have been proportional to its concentration from 0 to about 7,500 mil- 
lionths normal, with some decrease in slope indicated for still higher con- 
centrations. For the concentration range just mentioned the elongation 
index appears to decrease 1 per cent. for an increase in concentration of 
about 105 millionths normal. As might be expected, the toxicity of the 
acetate is clearly very different in its concentration relations from the tox- 
icity of any of the acids tested. The concentration giving a growth index 
of 90 was about 840 millionths normal. The highest concentration in the 
series (15,230 millionths normal) was not high enough to inhibit root elon- 
gation in the treatment period, for it gave an average percentage index of 
10.6. 
TABLE VI 


DATA FOR POTASSIUM ACETATE IN NUTRIENT SOLUTION 








RELATIVE AVERAGE ELONGATION EXPRESSED AS PERCENTAGE 


N NT 
CoNCENTRATION OF OF CORRESPONDING CONTROL AVERAGE 


ACETATE IN NUTRIENT 
SOLUTION 





FoR TREATMENT PERIOD FOR RECOVERY PERIOD 
(NUTRIENT SOLUTION (NUTRIENT SOLUTION 
WITH ACETATE) WITHOUT ACETATE) 








millionths normal per cent. per cent. 

228 99.7 100.0 
318 95.4 | 103.0 
457 89.8 100.0 
685 89.5 114.0 
914 92.0 111.0 
1,272 94.1 114.0 
1,599 78.5 | 111.0 
1,908 81.0 | 119.0 
2,385 73.0 | 121.0 
2,862 57.3 125.0 
3,180 69.3 113.0 
3,339 59.4 110.0 
3,498 61.0 114.0 
3,816 58.0 108.0 
4,770 51.2 90.7 
6,360 36.3 88.0 
7,615 26.7 57.5 
10,660 17.8 38.2 
15,230 10.6 20.5 








For the Ten-Hour Recovery Period, the acetate graph (the broken line of 
fig. 9) shows pronounced stimulation, but it differs markedly from 
the others in that the range of concentrations that gave stimulation in thi: 
instance is very broad, extending from about 0 to about 4,500 millionth: 
normal. It is specially notable that two solutions as different as the stand 
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ard nutrient solution and the one containing the acetate at the relatively 
high concentration just mentioned should have been alike physiologically, 
as far as the average growth index indicates; both of them are shown as 
giving standard growth, with index of 100. Between these two limits of 
the stimulation range the graph is approximately symmetrical and the 
range from about 1,900 to about 2,900 millionths normal is shown as giving 
maximal stimulations of about 20 per cent. For acetate concentrations 
above the stimulation range the recovery graph descends as a nearly 
straight line with a slope slightly more rapid than that of the treatment 
graph. The highest acetate concentration tested gave an average elonga- 
tion index of 20.5 for the recovery period; that is, a retardation of only 
about 80 per cent. 

In spite of some considerable deviations the dots and circles of figure 
9 show that the shapes of the two graphs are not far from correct, for the 
data at hand, and there seems to be no room for doubt that, while absence 
of stimulation characterized the treatment period, stimulation was clear 
and definite for the recovery period. Of course the critical concentration 
values mentioned above are intended to be only fairly approximate. 


ASSEMBLED GRAPHS FOR ALL SERIES BASED ON STANDARD 
NUTRIENT SOLUTION 


The graphs for all five series of modified nutrient solutions are collected 





in figures 10 and 11 for ready comparison. These are simply reproduc- 
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Fig. 10. Graphs showing influence of the five compounds studied, for the treatment 
period. Here are brought together the continuous-line graphs of 
figures 4, 6, 7, 8 and 9. 
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Fig. 11. Graphs showing after effects of the five compounds studied, as shown in 10-hr. 
recovery period. Here are brought together the broken-line graphs 
of figures 4, 6, 7, 8 and 9. 


tions of the graphs of figures 4, 6, 7, 8 and 9 and they need no special ex- 
planations. Figure 10 represents direct effect, in treatment period, and 
figure 11 represents after effect, in recovery period. 


COMPARATIVE TOXICITIES OF THE FIVE COMPOUNDS STUDIED 


CONCENTRATIONS SHOWING GROWTH RETARDATION OF 50 AND OF 90 PER 
CENT. IN THE TREATMENT PERIOD.—In order to secure some simple numeri- 
cal values to represent the relative toxicities of the five compounds studied 
we may consider the concentrations corresponding to growth retardations 
of 50 and 90 per cent. in the treatment period and each toxicity index may 
be expressed in terms of the reciprocal of the corresponding concentration 
for acetic acid taken as unity. The results of these computations are 
shown on page 429. Scales of toxicity more or less different from this 
would of course result if the comparisons were made with respect to other 
degrees of growth retardation. 

TIME RELATIONS OF TOXICITY AND STIMULATION.—As has been shown, the 
rate of primary-root elongation decreased gradually following the placing 
of standard seedlings in distilled water, while those kept in standard nutri- 
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Relative toxicities (for treatment 
period) of modified nutrient 
solutions giving 
Compounds added to nutrient solution 





Growth retarda- | Growth retarda- 
tion of 50 tion of 90 
per cent. per cent. 


Acetic acid (CH,COOH) 1.00 1.00 








Propionic acid (CH,CH,COOH) 2.34 1.50 





Normal butyrie acid (CH,CH,CH.COOH) . 1.71 


Sulphurie acid (H,SO,) ‘ 3.16 














Potassium acetate (CH,COOK) : 0.20 





ent solution maintained an approximately uniform rate of elongation 
throughout the whole experiment period, including both the treatment 
period (about 20 hr.) and the recovery period (about 10 hr.). For the 
126 experiment solutions tested, growth increments were measured only 
for the treatment period and for the recovery period. No information is 
available as to how the rate of root elongation may have changed in either 
one of these observation intervals, but it was surely not generally main- 
tained throughout either interval, excepting in the nutrient-solution con- 
trols and in the tests that gave the percentage index of about 100. The 
roots were elongating at the rate of about 1 mm. per hour when 
they were placed in the experiment solutions and all of the solutions 
containing the nutrient salts showed a growth retardation for the treatment 
period. This retardation may have come on gradually, somewhat as is 
shown for standard seedlings transferred from nutrient solution to distilled 
water. It is possible, however, that growth rates may have been acceler- 
ated in the first part of the treatment period and then sufficiently retarded 
in the latter part to show retardation for the period taken as a whole. If 
the regular treatment period had been shorter than it was and of the right 
length, treatment stimulation might have been shown for the weakest solu- 
tions of every series. This is suggested by the pronounced after-effect 
stimulation shown or suggested for all of the compounds tested and by the 
marked temporary stimulation shown at the beginning in the experiments 
with gradually increasing concentrations of acetic acid. 

If temporary stimulation may have occurred with some solutions at 
the beginning of the treatment period, to be obliterated in the records by 
subsequent retardation before the end of the period, it is equally possible 
that a first retarding influence may have been followed either by a decrease 
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in retardation (possibly amounting to stimulation) or by an increase. 
Such a progressive increase in growth retardation as time went on was 
shown for roots in the distilled-water controls. KAHLENBERG and TRUE 
and other experimenters have pointed out that a somewhat toxic solution— 
or other injurious but non-lethal environmental complex—may, in some 
instances at least, produce injury only in the early part of the exposure 
period, the organism eventually recovering or becoming acclimated to con- 
ditions that were temporarily injurious at the beginning of the exposure. 
Thus a root might at length grow well in a solution that at first exerted a 
pronounced retarding influence. 

From these and other considerations it is clear that the time factor 
needs to be taken into account in the interpretation of the results of such 
a study as this and it is to be borne in mind that this important factor was 
among the influential background conditions of the main series of experi- 
ments here reported. To test these suggested possibilities would of course 
require much more extensive and elaborate experimentation than was 
planned for the present study. 

THE POSSIBILITY OF SYNERGISTIC EFFECTS.—It has been shown that the 
three nutrient salts exerted a pronounced influence on the apparent physio- 
logical influence of acetic acid, for the acetic-acid series with these salts 
gave results for the treatment period very different from those given by 
the corresponding series without the salts (compare broad-line graph with 
the narrow-line graph of figure 4). It may be supposed that similar effects 
of the nutrient salts may be involved in the results secured with the other 
added compounds. In comparing the toxic and stimulating influences 
shown in this paper the presence of the nutrient salts in the specified pro- 

_portions and total salt concentration needs, of course, to be borne in mind. 
This suggestion involves the possibility of synergistic influences exerted by 
the many kinds of molecules and ions in these experiment solutions. It will 
be superficially considered in the section on hydrogen-ion influences. 

RELATIONS BETWEEN DIRECT EFFECTS (TREATMENT PERIOD) AND AFTER 
EFFECTS (RECOVERY PERIOD).—Although the records for the treatment 
period generally fail to show direct stimulation for any of the series of 
solutions containing the nutrient salts, the recovery graphs for these series 
all agree in showing or at least suggesting after-effect stimulation, which 
is of course confined to the lower concentrations of the added compounds, 
acting in the treatment period. The concentration limits below which 
some after-effect stimulation in the recovery period is indicated are approxi- 
mately as follows :— 


Acetie acid 920 millionths normal. 
Propionic acid 210 millionths normal. 
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Normal butyrie acid 100 millionths normal ( ?) 
Sulphurie acid 110 millionths normal (?) 
Potassium acetate 4,470 millionths normal. 


(The interrogation points in parentheses recall the observations already 
made, that the experimental data are of low significance with respect to 
after-effect stimulation by normal butyric acid and sulphuric acid. While 
there is uncertainty as to its degree, after-effect stimulation appears to be 
clearly shown by the actual data for acetic acid, propionie acid and potas- 
sium acetate. ) 

For solutions having about these critical concentrations of the respective 
compounds no effect at all is shown for the recovery period but these solu- 
tions are all shown to produce growth retardation in the treatment period, 
as is also true of the less concentrated solutions that gave after-effect stimu- 
lation. This means that direct retardation in the treatment period might 
be followed in the recovery period by either stimulation, absence of effect 
or retardation, according to the treatment concentration. For all the 
regular experiment solutions excepting the critical ones approximately 
specified above, the treated seedlings were apparently altered physiolog- 
ically to such a degree that in the 10 hr. following cessation of treatment 
their roots elongated either more or less rapidly than did the roots of the 
control seedlings, which had been in standard nutrient solution through- 
out the treatment period. Considering the solutions that are shown as 
toxic in the recovery period, their after-effect retardation might be either 
less than, greater than, or equal to the retardation produced directly while 
they were in contact with the roots. For the four acids tested, the con- 
centrations that show equal growth indices for the two periods are given 
below, along with their respective growth indices. 








Approximate 
concentration Growth index 
(millionths normal) 





Acetic acid : 27 


Propionic acid E cee 85 





Normal butyric acid i 69 











Sulphuric acid 93 








Finally, we may compare the acid concentrations that are shown as just 
inhibiting primary-root elongation in the two periods, as shown on page 432. 
It is seen that this limiting concentration is in every case much lower for 
the recovery period than for the treatment period. For example, to pre- 
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Approximate concentration in experi- 
ment solution just preventing 
root elongation 





In treatment In recovery 
period period 








Acetic acid i es 6,650 2,120 





Propionic acid - Cero 12,090 9,500 
Normal butyric acid 4,060 2,080 
Sulphuric acid Bawsshestcc 2,120 1,430 























vent any measurable growth in the treatment period apparently required 
an acetic-acid concentration of about 6,650 millionths normal, but treat- 
ment with this acid at a concentration of only about 2,120 millionths normal 
is shown as preventing root elongation in the period following the cessation 
of treatment. Concentrations of this acid between these two limits appar- 
ently permitted more or less root elongation in the earlier portion of the 
treatment period but killed the elongating region of the root by the end 
of the period, or at least rendered it incapable of any elongation in the next 
10 hr. following its return to standard nutrient solution. Similar state- 
ments apply to the other acids. 

A kind of after-effect stimulation apparently somewhat similar to what 
was encountered in the present study has been described by HILDEBRANDT 
and Boyce (11) for alcohol production by yeast in the fermentation of 
cane molasses. These authors tested MnSO,, CuSO, and NaCN and found 
that each of these salts, when present at a suitable concentration in molasses 
solution containing growing yeast, apparently affected the yeast so treated 
in such a manner as to show unusually great alcohol production in an un- 
modified molasses solution that was subsequently inoculated with the 
treated yeast. In some of these instances there had been some stimulation 
in the treatment period (seed-yeast culture, with the added salt) but stimu- 
lation was more pronounced in the recovery period (principal fermentation 
stage). In other instances, notably with MnSO,, seed yeast that had been 
markedly retarded by the salt in the seed-culture produced considerably 
more alcohol after transfer to the principal fermentation (without the salt) 
than was produced in the control, which had been seeded with untreated 
yeast. The salt treatment apparently altered the seed yeast so that its 
offspring in the second stage was much more vigorous than the poisoned 
seed culture had been and also more vigorous than the offspring of ordinary 
seed cultures. 
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Relations between physiological influence and 
hydrogen-ion concentration 


THE GENERAL PROBLEM OF ION AND MOLECULE 
CONCENTRATIONS 


The many modified nutrient solutions tested in this study differed pri- 
marily with respect to the added compounds and their concentrations. 
From the viewpoint of physical chemistry their main effective differences 
cannot be satisfactorily described without reference to their respective 
concentrations of ions and of undissociated molecules. A large proportion 
of the solute material in any of these solutions must have been dissociated, 
and a little of the solvent water also. According to the dissociation theory 
we suppose that the standard nutrient solution itself contained the follow- 
ing kinds of molecules and ions, besides those that may have arisen from 
interaction of the nutrient salts among themselves and with the experi- 
ment compounds (if there were any such), and also any small traces of 
other kinds due to impurities that may have been present in the distilled 
water or in the salts used :— 


Molecules of a Ca(NO,), and the ions Ca*+ and NO,- resulting from their dissociation. 

Molecules of KH,PO, and the ions K+, H.PO,-, HPO,-, Ht, and PO,- resulting from 
their dissociation. 

Molecules of MgSO, and the ions Mg** and SO,- resulting from their dissociation. 

Molecules of H,O and the ions H* and OH- resulting from their dissociation. 


In each of the four series of experiment solutions consisting of standard 
nutrient solution with an added organic compound there must have been 
present, in addition to these inorganic molecules and ions, one kind 
of organic molecule (i.e., either CH,COOH, CH,COOK, CH,CH,COOH or 
CH,CH,CH,.COOH) and also its particular anion (i.e., either CH,COO-, 
CH,CH,COO-, or CH,CH,CH,COO-). In the series of solutions contain- 
ing potassium acetate the amount of K was increased above the amount in 
the unmodified nutrient solution. In the series containing sulphuric acid 
the amount of SO, was increased but no kind of ion was intentionally added 
which was not already present in the solution. 

A thorough analysis of the relations between the observed physiological 
effects and the chemical characteristics of the solutions bringing them 
about would of course have to take into account the actual concentrations 
of all the kinds of particles present—both the undissociated molecules and 
their ions. But that kind of analysis of such complicated chemical systems 
as those here dealt with is practically impossible at present. On the basis 
of certain assumptions and by means of published tables of apparent 
ionization percentages in simple solutions of the substances considered, the 
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molecular and ionic concentrations of these solutions may be calculated 
with some degree of probability, but the necessary considerations are com- 
plicated by the interrelations between the several compounds in the same 
solution. 


COMPARISONS OF THE FIVE SERIES OF SOLUTIONS WITH RESPECT TO 
TOXICITY, PH VALUE AND CONCENTRATION OF ADDED COMPOUND 


For such complex aqueous solutions as these the only ion concentrations 
that now lend themselves to ready estimation by direct measurement are 
those of hydrogen ions and hydroxyl ions. These are of course interde- 
pendent, the product of their concentrations being a constant. Table VII 
shows, for the treatment period, the relations of growth retardation (the 
difference between growth index and 100) to concentration of the added 
compound and to pH value, for each series of solutions. These values were 
read from the smooth graphs of figures 1 and 10. Opposite each retarda- 
tion percentage shown in the first column one may read in the other col- 
umns the corresponding approximate concentration and pH value for each 
of the five different series of solutions. It is to be remembered that the 
growth index of 100 always represents the standard nutrient solution, with 
a pH value of 4.4, and that all these data refer to the treatment period of 
the experiments, not to the recovery period. This arrangement shows how, 
for any degree of growth retardation, the concentration of the added com- 
pound and the pH value of the experiment solution varied from series to 
series. The concentrations shown for any given degree of toxicity are gen- 
erally different for different compounds, although there is fairly close 
agreement between propionic acid and sulphuric acid excepting for the 
greatest retardations or lowest growth indices. The five series of pH values 
given in table VII are shown graphically in figure 12, where the growth 
indices are plotted as ordinates and abscissas represent pH values. There 
is a separate graph for each series of solutions. 

We may conveniently consider toxicity as measured, for the given con- 
ditions, by the corresponding percentage of growth retardation. Solu- 
tions without toxicity show a retardation percentage of 0 and a growth in- 
dex of 100, and those with the highest degree of toxicity show a retardation 
percentage of 100 and a growth index of 0. Of course the standard 
nutrient solution (with zero concentration of added compound and pH 
value of 4.4) is considered as showing no retardation and is the basis for 
comparison. 

The series for propionic acid and normal butyric acid agree in showing 
high degrees of toxicity (up to a retardation of 80 per cent.) without any 
significant alteration in pH value due to the added compound. For these 
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Fig. 12. Graphs showing the relations between primary-root elongation in the treat- 
ment period and pH value, for each of the five series of modified nutrient 
solutions; data are from the smooth graphs of figures 1 and 10. 


acids the degree of toxicity, which obviously depends on acid concentration 
in some way, is apparently not related to pH value for the broad range of 
retardation percentages from 0 to 80. For the toxicity range from a re- 
tardation of about 80 per cent. to complete stoppage of growth by these 
solutions the pH value is progressively lower than that of the standard 
nutrient solution and the high degrees of toxicity that nearly stopped the 
growth of the primary root in the treatment period may well have been 
largely related to high hydrogen-ion concentration. 

The series for acetic acid is specially characterized by the complicated 
toxicity relations corresponding to the double reversal near the beginning 
of its graph (fig. 4 or 10). Within the range of concentrations from 0 to 
about 880 millionths normal (throughout which range the pH value does 
not differ significantly from 4.40) these solutions show varying degrees of 
toxicity up to a retardation of over 10 per cent. These variations do not 
appear to be related to pH value, although they are clearly related to acid 
concentration. Throughout the concentration range from 1,020 to 1,800 
millionths normal the pH value for this series of acetic-acid solutions de- 
creases so slightly that it can hardly be considered as the main factor in 
determining growth retardation, which increases correspondingly from 20 
to 80 per cent. Hydrogen-ion concentration may have been more or less 
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influential in this range, however. For the highest concentrations of acetic 
acid, giving growth retardations of above 80 per cent., the value of pH 
decreases much more rapidly, in a manner similar to its decrease in this 
region of the graphs for the propionic acid and butyric acid series. In all 
three of these series hydrogen-ion concentration may have been an impor- 
tant factor in determining only the highest degrees of toxicity. 

The sulphuric-acid series shows the pH value following the acid concen- 
tration rather closely. This series is unique in that its graph for normal- 
ity (fig. 8 or 10) is somewhat similar in form to its graph for pH (fig. 12). 
This suggests that for this series of solutions hydrogen-ion concentration 
may have been the main physico-chemical factor involved in bringing about 
the observed toxicity increase with increase in acid concentration. 

The pH graph for the acetate series (fig. 12) does not closely resemble 
the corresponding normality graph (fig. 9 or 10), which is nearly recti- 
linear while the pH graph is apparently sigmoid, and pH could hardly 
serve as an index of toxicity in this case. It is to be noted that, although 
this salt acts to decrease the hydrogen-ion concentration of the solution 
(and of course to increase the hydroxyl-ion concentration and the pH 
value), yet the highest concentration of acetate shown as giving any root 
elongation in the treatment period is still on the acid side of neutrality. 
The pH value for a solution having equal concentrations of H* and OH- 
would of course be 7.0. 

It appears that other physico-chemical characteristics of these solutions, 
besides hydrogen-ion concentration, took important part in determining the 
observed physiological effects, especially with respect to the three organic 
acids. Concentration of undissociated molecules and organic anion concen- 
tration may be suggested as other solution characteristics most likely to be 
involved. It also appears that different degrees of toxicity of the same 
added compound may result from different combinations of the same tox- 
icity factors. For the highest degrees of toxicity of the three organie acids 
pH might be regarded as an approximate index of physiological effect, but 
this is not true for the lower degrees of toxicity. For example, a growth 
retardation of about 90 per cent. corresponds (table VII) to the following 
concentrations and their approximate pH values :— 








Concentration 
(millionths normal) 





Acetic acid 3,000 
Propionic acid 2,000 
Normal butyric acid 1,750 
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While this critical concentration differs markedly for these acids the 
corresponding pH values are relatively not very different and all three are 
between 0.19 and 0.34 below the pH value for standard nutrient solution. 
On the other hand, a growth retardation of 50 per cent. corresponds to the 
following concentrations and pH values :— 








Concentration 


(millionths normal) pH 








Acetic acid | 1,285 | 4.34 
Propionic acid 550 4.40 
Normal butyric acid 280 4.40 








For this degree of retardation the last two of the acid solutions show the 
same pH value as the standard nutrient solution, while the first shows a 
pH value only 0.06 below that of the standard solution. If we consider 
toxicity as proportional to the reciprocal of the acid concentration corre- 
sponding to a growth retardation of 50 per cent. the relative toxicities of 
these three acids are: acetic acid, 1.0; propionic acid, 2.3; normal butyric 
acid, 4.6. It is remarkable that the least toxic of the three (acetic acid) is 
the one showing 4.34 as its critical pH value for a retardation of 50 per 
cent. 

If the growth indices for the first 10 hr. after the treated roots were 
returned to nutrient solution are compared with the corresponding pH 
values of the treatment solutions the lack of any general and direct relation 
between after effect and pH value is very obvious. Those comparisons 
need not be discussed here but it may be mentioned that the after-effect 
stimulations indicated for at least three series of solutions would greatly 
complicate any attempted analysis of the relations between physiological 
action in the recovery period and hydrogen-ion concentration in the treat- 
ment period. 

It seems clear that the toxicities of these three fatty acids cannot be 
estimated by reference to pH value alone. The view that the toxie prop- 
erties of organic acids are mainly due to undissociated molecules rather 
than to ions was expressed by J. F. CuarK (3), who experimented with fila- 
mentous fungi. He found that acetic acid was about twice as toxic as sul- 
phurie acid, although the former was only 1 per cent. dissociated and the 
latter was 90 per cent. dissociated in the solutions in question. The results 
of the present study on root elongation lead to a similar conclusion. Mary 
E. Cotzertr (5), working with Paramoecium and Euplotes, reached the con- 
clusion that organic-acid molecules were the agents of the toxic action of 
these acids in her solutions. In reporting experiments on the fungus 
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Sclerotinia cinerea, DuNN (8) regarded hydrogen-ion concentration as the 
principal toxicity factor for the common mineral acids but considered the 
undissociated molecules as of chief importance for the toxicity of the fatty 
acids. Uppau (32) reached the same conclusion from a study on the germi- 
nation of spores of the fungus Phytophthora. The results of the present 
study seem to furnish additional evidence in favor of the conclusions of 
Dunw and UPPAL. 


Summary 


This paper reports the main results of an experimental study on the 
influence exerted by acetic acid, propionic acid, normal butyric acid, sul- 
phurie acid and potassium acetate upon the elongation of primary roots of 
young seedlings of white lupine (Lupinus albus L.). The experimenta- 
tion was carried on at the Laboratory of Plant Physiology of the Johns 
Hopkins University in 1929-30. 

The seedlings used were all very nearly alike, having been selected from 
lots that had been grown from selected seeds under specified conditions. 
Their primary roots were about 30 mm. long and their hypocotyls were 
about 10 mm. long. At the beginning of each experiment 15 standard seed- 
lings were transferred from preliminary culture in standard nutrient solu- 
tion to as many separate tubes of one of the experiment solutions, where 
they remained for a treatment period of about 20 hr. For control units 
the tubes contained standard nutrient solution. At the close of the treat- 
ment period the seedlings were returned to the preliminary-culture jar 
containing standard nutrient solution, for a 10-hr. recovery period at the 
end of which after effects of the treatment were observed. 

The main series of numerical data are the amounts of primary-root elon- 
gation that occurred in the treatment period and in the recovery period. 
These data are always averages from the 15 seedlings of single experiment 
units. They are expressed as relative indices of elongation, the correspond- 
ing average for the control unit always being taken as 100. Acceleration 
of growth (stimulation) is thus indicated by index values above 100, 
growth retardation is shown by values below 100 and index values of 100 
indicate that the experiment solution used had no considerable effect on 
root elongation in the time interval considered. There are two growth in- 
dices for each experiment solution, one showing the direct effect of the solu- 
tion in the treatment period while the other shows any after effect brought 
out in the 10-hr recovery period. 

The standard nutrient solution, which was used generally for controls 
and as basis for the experiment solutions, was a 3-salt solution containing 
Ca(NO,),., KH,PO, and MgSO,, in molar concentrations of 0.0050, 0.0069 
and 0.0094, respectively. With the specified standard technique the rate 
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of elongation of roots in this solution (7.e., the average rate for control 
units) was approximately maintained throughout both time intervals, at a 
little more than 1 mm. per hour. Any considerable deviations from this 
rate, in either of the time intervals, must have been due to influences ex- 
erted by the experiment solutions in the treatment period. 

There were five main series of experiment solutions based on standard 
nutrient solution. The salt content was alike for all of these but every 
series differed from each of the remaining four with respect to the nature 
of an additional compound. The many solutions of each series differed 
among themselves only with respect to concentration of the additional com- 
pound. Thus, for example, the propionic-acid series of experiment solu- 
tions were all standard nutrient solution modified to different degrees by 
the addition of propionic acid to give various concentrations of the acid. 
The concentrations of the additional compound were so chosen in each 
series that the whole concentration range was covered, from zero (standard 
nutrient solution without added compound, in control cultures) to a con- 
centration high enough to prevent root elongation in the treatment period. 

Besides the five main series of modified nutrient solutions there were 
some experiments on simple solutions of acetic acid in distilled water, with 
distilled-water controls. In those instances the experiment solutions were 
like those of the main series excepting that the three nutrient salts of the 
standard nutrient solution were not present. 

The numerical results of this study are set forth by means of tables 
and graphs, which show many interesting relations. For the treatment 
period the modified nutrient solutions generally gave growth retardation, 
which was progressively more pronounced as the concentration of the addi- 
tional compound was higher, until root growth was stopped altogether. Of 
course the degree of toxicity shown by any of these solutions that did not 
stop growth varied with the nature of the additional compound as well as 
with its concentration. 

The acetic-acid series of modified nutrient solutions is an exception to 
this generalization. Although solutions with very low concentrations of 
this compound gave notable retardation, those with somewhat higher con- 
centrations showed practically no effect and those with still higher concen- 
trations showed retardation. In the second range of concentrations 
producing retardation the degree of toxicity was greater as the acid con- 
centration was higher and growth was stopped with the highest concentra- 
tions tested. Consequently, if abscissas represent concentrations of acetic 
acid in modified nutrient solution and ordinates are indices of root elonga- 
tion, the treatment-period graph exhibits two reversals of direction. No 
such reversals appear in the graphs for the other four series of modified 
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nutrient solutions; the other acids and the acetate were generally some- 
what toxic at low concentrations and progressively more toxic at higher 
concentrations until the concentration was high enough to prevent growth. 
There was, however, some suggestion of stimulation by very low propionic- 
acid concentrations in the treatment period. 

The series of simple solutions of acetic acid in distilled water—without 
the salts of the nutrient solution—was the only series that surely showed 
stimulation in the treatment period. This is indicated for a narrow range 
of low acid concentrations. Solutions of somewhat higher concentrations 
produced little or no effect while those of still higher concentrations re- 
tarded growth, as in the higher concentration ranges of the other series. 

For the first 10 hr. following the treatment period, after the plantlets 
had been rinsed and returned to standard nutrient solution, the roots that 
had been treated with acetic acid, propionic acid or potassium acetate ex- 
hibited after-effect stimulation for a range of low concentrations of the 
additional compound used in the treatment. Some experiment units whose 
seedlings had been treated with normal butyric acid or sulphuric acid gave 
average growth indices that indicate after-effect stimulation but the evi- 
dence for this is only suggestive. The recovery-period graphs for all series 
of modified nutrient solution are drawn to indicate a region of stimulation 
at the left, above the 100-line, but; the actual data are shown in each in- 
stanee. Their general form is like that of the treatment period graph for 
the series of simple solutions of acetic acid. 

Some attention was given to the toxicity of the distilled water used. 
Standard seedlings transferred from nutrient solution to distilled water 
promptly showed growth retardation, which increased as time went on. 
The toxie action of this distilled water was apparently corrected by the 
salts in the standard nutrient solution. 

Roots in flowing nutrient solution with a gradually increasing addi- 
tional concentration of acetic acid were studied by means of microscopic 
measurements made at short intervals. At first the increasing acid con- 
centration produced increasing stimulation of elongation, then decreasing 
stimulation, then no effect, and finally increasing retardation. 

The toxicities of the five compounds added to standard nutrient solu- 
tion may be compared in various ways. For example, if toxicity is 
measured in terms of the concentration required to produce a growth re- 
tardation of 50 per cent. in the treatment period, the relative toxicities of 
the five compounds may be estimated as shown on page 442, considering the 
toxicity of acetic acid as unity. 

Some what different scales of toxicity would result if these comparisons 
were made with respect to other degrees of growth retardation. In gen- 
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Concentration producing re- Relative 
tardation of 50 per cent. toxicity 





millionths normal 
Acetic acid 1,285 1.00 
Propionic acid 550 2.34 
Normal butyric aid 2... 280 4.59 
Sulphuric acid 550 2.34 
Potassium acetate 44,800 0.27 




















eral it may be said, however, that normal butyric acid was much more toxic 
than either propionic acid or sulphuric acid, that propionic acid and sul- 
phuric acid were about alike in their toxicity and much more toxie than 
acetic acid, and that acetic acid was much more toxic than potassium ace- 
tate, which was the least toxic of all the five compounds studied. For the 
three aliphatic acids toxicity is apparently more pronounced as the num- 
ber of carbon atoms in the molecule is greater. 

Stimulation, as an after-effect occurring in the recovery period, might 
amount to as much as 10 or 20 per cent. It was greatest for potassium 
acetate, somewhat less for acetic acid and still less for propionic acid. It 
was suggested for normal butyric acid and sulphuric acid but the evidence 
for stimulation by these two acids is not in itself very significant, because 
of unexplained deviations in the average growth indices. The concentra- 
tion limit below which after-effect stimulation was shown or suggested dif- 
fered for the different compounds added to standard nutrient solution, as 
set forth below. These values are in terms of millionths normal and the in- 
terrogation points refer to the questionable instances already mentioned. 

at Acetic acid 920 
Propionic acid 210 
Normal butyric Aid .....cccccscsssssssssssssneesseesee . 100(?) 
Sulphuric acid 110(?) 
Potassium acetate 
For modified nutrient solutions with about these critical concentrations of 
the respective additional compounds, no effect at all was shown in the re- 
covery period, but these solutions all produced marked growth retardation 
in the treatment period. For modified nutrient solutions with lower con- 
centrations of the additional compounds than those just given, after-effect 
stimulation was generally shown, or was at least suggested, but the direct 
effect (in the treatment period) was more or less pronounced retardation— 
excepting the narrow range of acetic-acid concentrations that produced 
practically no direct effect and the very narrow range of lowest propionic- 
acid concentrations that may have produced some direct stimulation. 
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The five series of experiment solutions with the nutrient salts present 
are compared with respect to hydrogen-ion concentration (expressed as 
pH) as well as with respect to concentrations of the additional compounds 
and physiological effects. With the possible exception of the sulphuric- 
acid series, it appears that the pH value cannot generally be considered as 
an index of toxicity, but it is also indicated that hydrogen-ion concentra- 
tion was markedly influential as one of several or many conditions deter- 
mining the toxicity of the most toxic solutions. Other solution character- 
isties—perhaps concentration of anions or of undissociated molecules— 
were apparently predominant in determining toxicity for the lower con- 
centrations of the organic acids. 

Many other interesting relations are shown or suggested by the tables 
and graphs and some of them are discussed. Influence of the time factor 
receives some attention and the possibility of synergistic influences in such 
complex solutions as these is emphasized. 
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LIGHT SOURCES AND LIGHT MEASUREMENTS’ 


Harpy L. SHIRLEY 


Light sources 


Plants have developed since their first appearance upon the earth in the 
earliest geological ages up to the present time under the influence of solar 
radiation. Until now man | has failed to develop any artificial source of 
light which is equivalent to sunlight in its effects on plant growth. Hence, 
‘if we consider pl: plants grown in daylight as normal we must admit that 
plants grown in artificial light are abnormal in some respects. Therefore, 
results of experiments with plants grown in artificial illumination will not, 
in general, be interchangeable with results of similar experiments obtained 
with plants grown in sunlight. Consequently all experiments designed to 
study plant growth as it occurs in natural habitats should make use of sun- 
light if practicable. 

Sun 


Characteristics of the sun as a source of radiant energy are described 
by Assot (3). Sunlight varies in daily duration from season to season. 
Its intensity varies from minute to minute with the elevation of the sun 
above the horizon. It varies from second to second in both intensity and 
quality, depending upon the prevalence of clouds, smoke, dust and _ other 
particles in the atmosphere. The total radiation received at the earth’s 
surface on a cloudy day may be as low as 4 per cent. of that received on a 
bright day during the same season. The magnitude of these variations can 
well be appreciated by a study of Weather Bureau records (KimpBauu 38, 
39, 40 and 41) and reports of the New York Meteorological Observa- 
tory (62). 

The spectral energy distribution of many sources of radiation approxi- 
mates very closely that given off by a black body when heated to the ap- 
propriate temperature. To approximate direct radiation from the sun, as 
received at the surface of the earth, a black body would need to be heated 
to about 4,800 to 5,300 degrees absolute. This figure is called the color 
temperature of sunlight. The color temperature of diffuse radiation from 
the sky or skylight may be as high as 24,000 degrees absolute, or expressed 

1The material for this paper was collected while the writer was working at the 
Boyce Thompson Institute for Plant Research at Yonkers, New York. The original 
manuscript was submitted to Prof. J. W. Toumry at Yale University to be used as a 
tentative chapter in his book ‘‘ Foundations of Silviculture.’’ The manuscript has been 


revised and enlarged and is presented here as a part of the committee report on physical 
methods to the American Society of Plant Physiologists. 
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differently, about 35 to 50 per cent. of the energy of sunlight is in the visi- 
ble and ultra-violet region, while the energy of skylight is practically all 
in this region (Priest (68), CopientTz, Dorcas, and Hucues (21), 
CoBLENTZ and KaHLeR (22), Kimpatt (42), and Marvin and KimBau. 
(55)). The color temperature of both sunlight and skylight decreases as 
the sun approaches the horizon. On cloudless days, near noon, skylight 
comprises about 10 to 15 per cent. of total solar radiation. On overcast 
days skylight forms 90 to 100 per cent. of total solar radiation. A passing 
cloud, which obseures the sun, causes a pronounced change in the quality 
of light by increasing the relative importance of skylight. Likewise light 
in the shade of trees and buildings is much bluer than direct sunlight. The 
ever-changing nature of solar radiation, in both intensity and quality, ren- 
ders it entirely unsatisfactory for use in experiments requiring controlled 
light conditions. The chief advantages of sunlight are that it produces a 
more normal form of plant growth than can be produced by any artificial 
light now available, and that it does not have to be purchased at a high 
cost. 
ARTIFICIAL SOURCES 


The most satisfactory artificial light now available is the ordinary 
Mazda lamp. Mazda lamps are easily obtainable anywhere and are fairly 
uniform in the quality of radiation they emit. The ordinary tungsten fila- 


ment lamp with an unfrosted bulb has about 3 to 4 per cent. of its energy 
in the visible region or a color temperature of about 3,000 degrees absolute, 
(Priest (67), CoBLENTz (19), CoBLeENTz, Dorcas and Huaues (21)), and 
maintains its quality of radiation fairly uniformly_up to {00D hours use. 
The intensity is not constant but is subject.to fairly accurate control. Such 
lamps are the cheapest of all electric lamps and have been used a great deal 
by many investigators. When used to supplement daylight these lamps 
are highly satisfactory and are undoubtedly the best now on the market, 
everything considered. To obtain intensities comparable to those of sun- 
light a large battery of heavy lamps is required, (ARTHUR, GUTHRIE and 
NEWELL (7), Davis and Hoaguanp (24), Harvey (33, 34, 35), and 
Henpricks and Harvey (36)). The writer (78) measured an illumina- 
tion of 800 foot candles at a distance of 3.5 feet below two 1,500 watt lamps 
equipped with reflectors. The illumination of sunlight at noon on cloud- 
less days is approximately ten times as high. Not all plants, however, can 
be grown continuously under illumination from tungsten filament lamps 
without injury, due apparently to the low intensity in the blue re- 


gion, (ArTHUR, GUTHRIE_and NEWELL (7) ). 
The wink Sensiined sen gives a light having about 25 per cent. of 


its energy in the visible and ultra-violet region, or a color temperature of 
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about 3,800 degrees absolute. It tends to reduce the injury to plants 
noticed with using the tungsten filament bulbs, if the ultra-violet shorter 
than 290 my is sereened out by glass filters, (Priest (67), CoBLeNTz, Dor- 
cas and Hueues (21), ArtHUR, GuTHRIE and NEWELL (7)). These lamps 
are very troublesome to maintain in continuous operation if used without 
a glass cover as the carbons oxidize rapidly, while if used with the glass 
cover the glass soon becomes coated with a white deposit which greatly re- 
duces their efficiency. 

The mercury are gives a spectrum very rich in blue and ultra-violet. 
If mounted in a glass tube this lamp may be used to supplement the light 
from ordinary incandescent filaments with some success. The spectrum is 
not continuous, however, and when used alone the lamp is of too low inten- 
sity to be of much value in growing plants. The tungsten filament lamp 
has been combined with the mercury are in the new General Electric Sun 
Lamp described by LuckiesH (52, 53). This lamp is mounted in a special 
glass bulb which transmits a high percentage of ultra-violet out to the limit 
of sunlight, wave length 290 my. The extreme ultra-violet limit is usually 
at wave length 253.7 my, at which the output is 0.001 per cent. of the total 
energy radiated. The output at 265.4 my is 0.029 per cent., TayLor (82), 
ForsyTHE, Barnes and Eastey (26). According to J. M. ArtHur (per- 
sonal communication) this lamp will produce typical ultra-violet injury to 
tomato plants in 90 minutes continuous exposure, being somewhat more 
severe than the injury produced by irradiation from a mercury are 
in quartz through filter ‘‘C.’’ (ArTHUR and NEwE.LL (6)). To insure 
against injury a filter absorbing all radiation shorter than 290 my should 
be placed between this lamp and the plant. The lamp is somewhat more 
efficient in the visible region than the ordinary incandescent lamp but is 
both more expensive and of shorter life. As constructed at present the 
sun-lamp cannot be recommended for general use by the plant worker. 

For specific investigations in which sources rich in ultra-violet are re- 
quired the mereury are in quartz may be used, (CoBLENTz and KAHLER 
(22) and CoBLENTz, Dorcas and Hueues (21)). The iron are is also rich 
in ultra-violet and presents a more uniform spectrum. Where a continu- 
ous spectrum rich in ultra-violet is required for spectrophotometry the 
under-water spark is more satisfactory, (McNicHoutas (59)). The neon 
lamp might prove of value for certain specific investigations where inter- 
mittent light of high frequency is desired and where low intensities in the 
blue region are not a drawback. 

Combustion lamps, such as gas, gasoline or kerosene, are unacceptable 
for ordinary use in plant investigations because of the danger of the un- 
oxidized gases causing severe injury to the plants. Most of them are low 
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in color temperature and low in intensity. They have been used some in 
the past for special investigations and may find some limited uses in the 
future, (BLACKMAN and SmiTH (12)). 


LIGHT FILTERS 


For studying the effects of definite ranges of wave lengths on plant 
growth light filters are useful. General information on absorption spectra 
of various dyes and solutions is given by Mees (60) and UHLER and Woop 
(83). Infra-red radiation is quite effectively removed by a one centimeter 
cell filled with a 5 per cent. solution of copper sulphate. Glass filters of 
high purity are manufactured by the Corning Glass Works, but are expen- 
sive. These filters have been used by Popp (66), Sayre (73), SHIRLEY 
(78), Grasovsky (32) and other workers. Transmission curves for these 
and other filters are given by Gipson, McNicHonas and Tynpauu (30), 
Gace (27) and Jones (37). These filters may also be used with thermo- 
piles and photoelectric cells for measuring definite spectral regions. 


GLASSES TRANSMITTING ULTRA-VIOLET 


A number of glasses and glass substitutes for transmitting ultra-violet 
radiation are on the market. Such glasses have been used by plant work- 
ers as filters with the quartz mercury are and for transmitting the ultra- 
violet of sunlight. Many of the glasses change their transmission with use, 
especially when subjected to the quartz mercury are. Data on the trans- 
mission of various glasses are given in the following publications: ARTHUR 

/and NEwe.u (6), U. S. Bureau of Standards Circular letter 235 (84), 
CoBLENTZ and Stam (23), Gipson, McNicHotas and TyNpDALL (29). 
These glasses are being recommended by their makers for use in photo- 
therapy and are constantly being changed. CoBLENTz and Stair (23) list 
them according to transmission at 302 my as follows: 

Transmission at 302 my 


Less than 1 per cent. Common window glass, Quartz-lite 

About 25 per cent. Vita-glass, Sanalux, and Renovie 

About 35 to 40 per cent. Holviglass, Sunlit, and Sendlingers U-V glass 
About 45 to 50 per cent. Helioglass, Uviol-Jena, Neuglas 

About 60 to 65 per cent. Corex-D 

About 80 to 90 per cent. Corex-G981FF? and Quartz glass 


Light measurements 


The methods used in measuring light will vary with the source of light 
used and the specific purpose of the investigation. For measuring ultra- 
violet radiation, lithium or uranium photoelectric cells may be used; for 
measuring visible radiation illuminometers are best suited, while for 
measuring total radiation non-selective radiometers are required. 
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Where a study of the effects of specific wave lengths is not the subject 
of an investigation certain general requirements may be laid down for the 
type of the light measuring device to be used. In ecological work and for 
most work in plant physiology a light measuring device should satisfy the 
following requirements: 

1. It should be uniformly sensitive to the visible region of the spectrum. 
Sensitivity to the infra-red is less objectionable than sensitivity confined 
mostly to the blue and violet regions. 

2. It should admit of standardization so that the readings may be ex- 
pressed in units widely understood. 

3. It must cover a range of intensities from 10 to 10,000 foot candles, 
or from 0.001 to 1.3 gram calories per square centimeter per minute. 

4. It should be easy to make the readings and simple to convert them 
to standard units. 

5. It should be rugged enough to withstand handling in the greenhouse 
or field. 


METHODS AVAILABLE 


Light is known to us only, by its effects. In measuring light we may 
measure one of its several effects. These may be divided into two groups 
depending on whether the effect is selective, that is, confined to certain 
wave lengths only, or whether it is non-selective, occurring uniformly 
throughout the solar spectrum. For convenience in discussion we will con- 
sider the following effects: 

Non-selective 
Heating effects 
Selective 
Electrical effects 
Illuminating effects 
Chemical effects 

HEATING EFFECTS.—Only those methods which measure the heating 
effects of light are uniformly sensitive to all wave lengths. These are the 
methods which have been adopted as standard by the physicists and as- 
tronomers throughout the world. 

Thermopiles.—If to each end of a short piece of bismuth wire, a piece 
of silver wire is soldered a thermocouple is formed. When one bismuth- 
silver junction is heated above the temperature of the other an electromo- 
tive force is produced which may be detected by connecting the silver wires 
to a galvanometer. The magnitude of the electrical potential produced is 
almost directly proportional to the temperature difference between the 
junctions. Two or more thermocouples connected in series form a thermo- 
pile. Any two dissimilar metals may be used for making a thermopile but 


J 
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certain ones are most useful. Thermopiles are one of the most widely used 
instruments for radiation measurements. 

KIMBALL and Hosps (43) designed a pyrheliometer with a thermopile 
as the active element, which has been in use as a standard instrument of 
the United States Weather Bureau since 1923. The hot junctions of the 
thermopile are in thermal contact with a thin copper ring blackened with 
lampblack. The cold junctions are in thermal contact with a surrounding 
concentric ring which is coated with zine oxide or magnesium oxide. The 
instrument measures the difference in temperature of these two surfaces 
when sunlight falls upon them. This instrument is almost uniformly sen- 
sitive throughout the visible spectrum but has a low sensitivity to infra- 
red radiation due to the fact that zine oxide and magnesium oxide have 
high absorptive capacities for the longer wave lengths. This instrument 
is now being mounted in an electric lamp blank by the Eppley Laboratory 
of Newport, Rhode Island. The instrument is somewhat delicate, requires 
from 1 to 4 minutes to come to equilibrium and gives only a feeble current 
when exposed to radiation intensities below 0.1 gram calorie per square 
centimeter per minute. It may be connected to either a recording or direct 
reading microammeter. 

Burns (15) used a Cosptentz (18) thermopile connected with a gal- 
vanometer circuit, which was balanced by a battery circuit so that no ecur- 
rent was drawn from the thermopile at time of reading, for measuring 
radiation intensity in the forest. Both the CoBLeNntTz thermopile and the 
galvanometer are delicate and somewhat difficult to operate in the field by 
the untrained worker. The thermopile receives radiation from only one 
direction. For measuring specific wave lengths, the CoBLENTz thermopile, 
equipped with filters, is quite satisfactory. Because of its construction the 
CoBLENTZ thermopile is more nearly free from zero shift than any other 
now available. CoBLENTZ thermopiles may be had from the Eppley Lab- 
oratory of Newport, Rhode Island. 

The Mout (61) thermopile is very rapid in reaction and quite sensitive 
to moderately low intensities. Types are now made suitable for use in 
measuring sunlight. Briraz and Jupay (10) used a Mo. thermopile for 
measuring solar radiation under water with quite satisfactory results. 
Both Kiueu (46) and the writer have found them to be unsatisfactory for 
measuring the lower intensities such as occur in forests or in greenhouses 
on cloudy days. Such thermopiles also have a zero shift. 

GorczyNnskiI (31) used a Mout thermopile with a clock driven equa- 
torial mounting for measuring solar radiation in the deserts of Africa. 
The thermopile was connected to a Richard recording millivoltmeter. 

Birce (9) used a silver-bismuth thermopile designed by C. E. MENDEN- 
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HALL, University of Wisconsin, for measuring radiation in inland lakes. 
SHELFORD (75) has also used this thermopile. 

Gast (28) constructed a thermopile in which the receptors are 5 silver 
spheres blackened with lampblack. The active elements are constantan 
and iron. The thermopile is mounted inside of an evacuated lamp form 
and is sufficiently rugged for ordinary field handling. It has a certain zero 
shift or lag, and when used with ordinary microammeters is rather insen- 
sitive to low radiation intensities. Gast attempted to build a radiometer 
which would be uniformly sensitive to radiation regardless of the direction 
from which it comes. For perfect performance his receptor should be a 
single sphere of uniform sensitivity located in the exact center of the 
spherical bulb. As ordinarily used, three or more thermopile units are 
mounted in series at one station and connected to a recording microam- 
meter. By using several units at one station a more precise sample of the 
intensities over an area is obtained than would be by a single thermopile. 

~ A modified form of the constantan-silver thermopile developed by 
Witson (86) has been used by SuirtEy (79) for measuring light in a 
greenhouse and in the forest. This thermopile is exceedingly rugged and 
quite sensitive to radiation intensities below 0.1 gram calorie per square 
centimeter per minute, as well as to the highest intensities encountered in 
sunlight. This thermopile was not injured by frequent use in the forests 
of northern Minnesota from June until October. As at present con- 
structed, however, the thermopile is subject to a zero shift which must be 
corrected for in making readings. 

All the thermopiles mentioned/above may be used as direct reading in- 
struments when connected with a galvanometer or microammeter.. They 
may also be used for recording radiation from one or several stations. 
Weather Bureau, Mouu, Gast and SuHirueEy thermopiles all give sufficient 
current to be used with a recording microammeter of the ENGELHARD type 
or a recording potentiometer of the Leeds Northrup type. RicHarp re- 
cording millivoltmeters and recorders of German make are less expensive 
but do not possess the sturdy construction or reliability of the above-named 
American instruments. 

Solar radiation records obtained from thermopiles or resistance ther- 
mometers (see below) may be used for many purposes. They give the 
maximum intensities and show the variations of intensity from time to 
time. If the area under the curve is integrated a measure is available of 
the total radiation received during a definite period of time. An instru- 
ment for integrating solar radiation is on the market composed of a Mouu 
thermopile connected to a gas microcoulomb meter. The writer is unable 
to get any definite information on the performance of these instruments. 
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The Smithsonian pyranometer (AxsBot, 4) is one of the most precisely 
made instruments for the measurement of total solar radiation)or radiation 
from the sky. It consists of a thermopile, the cold junctions of which are 
in contact with a heavy copper disk, while the hot junctions are in contact 
with a blackened manganin receptor. The amount of deflection of an un- 
damped galvanometer caused by a 3-second exposure to radiation is read. 
A current of known strength is then sent through the receptor for 3 sec- 
onds which will give approximately the same deflection of the galvanom- 
eter. By calculating the heating value of this current, the heating value 
of the radiation absorbed can be found and expressed directly in heat units. 
The writer is informed by Dr. C. G. Assot that these instruments have 
given satisfactory performance when in daily use for over 15 years 
at Smithsonian Observatories. They are fairly rugged and can be used in 
the field if moderate precautions are taken. They are accurate to within 
about one per cent. over a range of intensities varying from 1 to 100. 

The Smithsonian pyranometer is a modification of the ANastrom 
pyrheliometer which was a favorite with solar observers in the past, 
Aspot (3). 

RESISTANCE THERMOMETERS.—Practically all electrical conductors change 
in resistance with change of temperature. This principle is made use of. 
in the construction of resistance thermometers and pyrheliometers. 

The Marvin silver disk pyrheliometer, Foote (25), of the United States 
Weather Bureau is of this type. A fine platinum wire is placed inside a 
blackened silver disk which is carefully shielded from heat changes in the 
environment. The whole is mounted equatorially and driven by a clock. 
The amount of radiation falling on the disk is determined by measuring 
the change in resistance of the wire when the disk is exposed. Such instru- 
ments are ill adapted for field use due to the complexity and size of the 
apparatus and the difficulty in making accurate resistance measurements 
in the field. 
| The Smithsonian silver disk pyrheliometer, ABBor (2, 3), consists of a 
mercurial thermometer, with the bulb mounted inside a silver disk. Mer- 
| ‘eury contact is maintained between the disk and the bulb. The whole is 
| earefully shielded from variations in air temperature by mounting inside 
| a wooden block. The difference between the thermometer readings before 
| and during exposure to radiation gives a measure of the amount of radiant 
| energy received. The instrument is sufficiently rugged and portable to be 
fused in the field ; however, it is not sensitive to low radiation values. 

The Assot (1) water flow pyrheliometer is an accurate instrument. It 
measures the radiation intensity by measuring the increase in temperature 
of water as it flows at a uniform rate around a cylinder exposed to radia- 
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tion. The instrument is not suitable for field use since it requires elaborate 
equipment for maintaining the water at constant temperature. Even with 
the modification suggested by SHuxain (80) it would hardly be practical 
for use by the plant worker. 
ATI instruments described above may be standardized to express radia- 
tion regardless of quality, in gram calories per square centimeter per 
| minute-~ Those to be described hereafter cannot be so standardized. Prac- 
\\tieally all these instruments may be used behind filters for measuring 
specific spectral regions. 

pea recorder, Marvin (54), consists of a black and white bulb 
gas thermometer connected together with a U-tube partially filled with mer- 
cury. When the sun is shining, the increased pressure of the gas in the 
black bulb forces the mercury up the U-tube where it completes an electric 
circuit connected with a recording device. These records show merely how 
many hours the sun shone on the recorder during any interval of time. 
They make-no measure of intensity. 

Radiometers consisting of vanes mounted on a rotating axis w ith one > 
side blackened and the other polished are sensitive to direct radiation but 
are not suited for use in diffuse light. They are scarcely practicable for ‘ 
use in plant work. 

Radio-atmometers consisting of paired black and white atmometers, 
recommended by Livineston (51), may be used to give rough estimates of 
the radiant energy available. The writer found them to give unsatisfac- 
tory results when used in diffuse light of low intensity. They are probably 
of considerable value for use as integrating devices in stations which can 
be visited only once a week or so, Burns (14). 

ELECTRICAL EFFECTS. —When light impinges on thin films of metals 
which are mounted in a bulb and given a negative charge, these films 
lose their charge. Such a bulb constitutes a photoelectric cell. Lithium, 
sodium, potassium, rubidium, caesium and other metals have been used 
in making photoelectric cells. These metals show increasing sensitivity 

.to the longer wave lengths as their atomic weight increases. The sensitivity 
of lithium eells is confined almost entirely to the ultra-violet region, while 
caesium cells are sensitive to the red and infra-red as well as the violet. 

Photoelectric cells are practically instantaneous in speed of reaction. ’ 
Utilization of this property has made possible movietone pictures and 
television. 

Photoelectric cells which maintain their sensitivity constants for con- 
siderable periods of time are now being made quite cheaply. When used 
with monochromatic light, or light of constant color temperature, they are 
excellent instruments. Photoelectric cells have been made which have 
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almost as great sensitivity to light as the human eye. The photoelectric 
current produeed is directly proportional to the radiation intensity_received 
vover considerable ranges of wave length. The current may be measured 
directly by a microammeter, or it may be amplified by vacuum tubes and 
the amplified current measured. 

Photoelectric cells may also be used with recording galvanometers 
similar to the types used for thermopiles. In addition photoelectric cells 
may be connected with a condenser and glow relay tube for recording pur- 
poses, as explained by RENtscHLER (70) and PooLe (65). 

A plant investigator would ordinarily want to use a cell which is sensi- 
tive to all radiations of visible light. The caesium, calcium or strontium 
cells are the most satisfactory in meeting these requirements at present. 
The cell is used with a 20 to 90 volt ‘‘C’’ battery and a microammeter. 
The instrument is sufficiently rugged and compact for ordinary field use. 
While a photoelectric cell is not equally sensitive to all wave lengths sensi- 
tivity curves may be worked out so that when used with filters it makes a 
fairly satisfactory light measuring device. 

Photoelectric cells have certain characteristics which render their use 
by beginners difficult: 1. The current given is directly proportional to the 
radiation intensity only within definite limits. 2. The current given varies 
with the impressed voltage for constant illumination. 3. Many cells show 
fatigue—a decreasing current with increase in exposure time. 4. Most 
commercial cells have coneave sensitive surfaces which are poorly suited 
for measuring radiation from more than one direction. 5. Cells are liable 
to ionization injury if too high voltage is used when exposed to high light 
intensities. 6. Each cell has a special sensitivity curve at different wave 
lengths which can only be determined by direct test. This renders stand- 
ardization very complex. 7. Infra-red radiation causes a decrease in the 
current given by a given intensity of variable radiation which may amount 
to as much as 50 per cent., Ouprn (64). 

Workers contemplating the use of photoelectric cells should consult 
CosBLENTz (20), SHELForD (75 and 76), SHeLrorp and Kunz (77), Kunz 
and SHetForp (48). The measurement of sunlight with photoelectric 
cells is a far more complicated process than would be inferred from papers 
by some workers, SEGELKEN (74). 

The selenium cell changes its resistance upon exposure to light. It is 
not equally sensitive to different wave lengths and also has a temperature 
error. Due to the difficulty of measuring resistances accurately in the field, 
this cell has little to offer the plant investigator, CopLeNnTz (20). 

ILLUMINATING EFFECTS.—The most sensitive instrument to light which 
we know of at present is the animal eye. The human eye can read ordinary 
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news print over a range of intensities varying from 0.004 to 10,000 foot 
candles, or from one to two and one-half million. Because of its adapt- 
ability to such a great range it is relatively insensitive to small changes in 
intensity. The human eye so rapidly adjusts itself to the intensity of 
illumination that estimates based on the eye alone are practically valueless. 

The Macbeth illuminometer, Leeds and Northrup Company (50), is a very 
satisfactory instrument for measuring light when the color temperature of 
the source is the same as that of a standard lamp. By using neutral filters 
it covers an extremely wide range of intensities, being limited only by the 
limitations of human vision. The instrument is quite rugged and well 
adapted for field use. The intensity of light reflected from a test plate is 
compared with the intensity of light from a working standard lamp, which 
may be moved nearer or farther from the eye as required to obtain an in- 
tensity match. Readings are made in foot candles directly. Considerable 
difficulty is encountered in using this instrument to measure sunlight be- 
cause of the differences in color. This may be partially compensated for 
by the use of a color filter ; however, even by using filters two observers may 
differ as much as 10 per cent. on estimates. For measuring the illuminat- 
ing intensity of artificial light the Macbeth illuminometer is probably the 
best instrument available. A sensitivity curve for the eye is given by 
KIMBALL (38). 

Since thermopiles measure the heating effect, and illuminometers the 
lighting effect of radiation, measurements made by the two instruments 
are not directly comparable unless the source has a constant color tempera- 
ture. Last summer the writer made a series of simultaneous readings with 
the Macbeth illuminometer and the SHIRLEY pyrheliometer under Norway 
pine canopies. The ratios of the two readings were averaged and stand- 
ard deviation calculated. The standard deviation of a single determina- 
tion was often as much as 25 per cent. of the ratio, as determined from 50 
values. When readings in the forest were expressed as percentage of 
radiation in the open as measured by the same instrument, quite com- 
parable results were obtained. 

Extinction photometers that make use of a neutral wedge which gradu- 
ally euts off more and more light until none passes through it may be used 
as rough light measuring devices. Such instruments do not measure light 
in absolute units. The value obtained will vary greatly with the observer 
and acuity of his vision. These photometers are rugged, simple to use, and 
may be carried in the pocket but cannot be recommended for general use 
in plant investigations. 

Spectrophotometers, have been used to measure the intensity and qual- 
ity of light in the forest by KNucHen (47) and Kiueu (46). KNucHEL 
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(47) used an instrument of the standard type. It was equipped with an 
electric lamp to serve as a standard source of radiation. This instrument 
is very valuable for special investigations in which quality changes are 
important; however, it is too delicate and cumbersome for general field use. 

The pocket spectrophotometer of Nurtine (63) makes use of the ex- 
tinction principle. It was used by KuivueH (46) for making relative 
measures of different spectral regions. It can be used for determining 
changes in light quality in general but is not a precision instrument. 

CHEMICAL EFFECTS.—Most of the light measurements made by plant 
workers in the past have been made with various kinds of chemical pho- 
tometers. Practically all of these photometers make use of the darkening 
of silver salts when exposed to light. A number of devices have been con- 
structed for exposing the sensitized paper or plates, many of which are 
described by Zon and Graves (87), Punuine (69), Kuvuen (46), Ruse 
(72) and ABDERHALDEN (5). CLEMENT’s photometer is about as satisfac- 
tory as any. The essentials of the method are: a piece of the sensitized 
paper or plate is exposed to the light for a definite period of time, or until 
it attains a certain definite tint. The light intensity is assumed to be in- 
versely proportional to the length of time it takes the sensitized material 
to reach the standard tint. 

The method has several defects. Practically all sensitized materials 
used are unequally sensitive to the different wave lengths, being most sen- 
sitive to the blue and ultra-violet and only slightly:sensitive to the red. 
Panchromatie plates as used by Kiueu (45) are fairly uniformly sensitive 
throughout the visible region but are highly sensitive to the ultra-violet. 
Panchromatie plates must be developed before the tints can be compared, 
in which process standard methods must be used if accurate results are to 
be obtained. The plates also vary greatly in sensitivity. Rhodamin B 
paper is less accurate but is sensitive to red. In no ease is the time re- 
quired to attain a standard tint exactly inversely proportional to the light 
intensity ; however, correction factors have been worked out for a number 
of plates. In intense light, the time required to attain a standard tint is 
often so short that it cannot be accurately measured even with an automatic 
stop watch arrangement as used in CLEMENT’s photometer. It is very dif- 
ficult to reduce the readings to standard units so that the intensities in one 
place may be compared with those of another. A recent improvement on 
the CLEMENT’s photometer adapts it for recording purposes. 

Other chemical reactions have been used in evaluating light. The de- 
composition of hydriodic acid may be used to integrate the light over a con- 
siderable period of time. They present the same general difficulties men- 
tioned above, Ripceway (71) and McCrea (56). 
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In general the method has practically all the objections open to the pho- 
toelectrie cell without having the speed and accuracy of the latter instru- 
ment. © Foresters and ecologists seem to be gradually adopting thermopiles, 
photoelectric cells, and illuminometers to replace chemical photometers in 
light measurement work, especially in studies requiring rather precise 
measurements. Chemical photometers may still have valuable uses where 
only rough approximations are needed. The chief advantages are com- 
pactness, portability, and inexpensiveness. 

For a discussion of photochemical processes the reader is referred to 
KisTIAKOwsKY (44). 

PLANT INDICATORS.—Phytometers would serve as an admirable method 
of measuring the growth value of light provided suitable plants are found 
whose light reaction is sufficiently sensitive and accurately measurable. 
CLEMENTs and GoLtpsmiITH (16) give a discussion of the method and some 
results obtained with sunflowers. Since the reaction of a plant to light is 
greatly disturbed by temperature and other conditions, it is doubtful if 
phytometers can be successfully employed without measurements by physi- 
eal instruments as checks. The indicator value of natural vegetation has 
not been sufficiently studied to be used with assurance at present. As an 
indicator of light conditions certain broad differences in intensities can be 
detected by this means, but, for fine distinctions, physical instruments 
would have to be relied upon. 


Measurement of transmission, reflection and absorption of leaves 


Various workers have attempted in the past to measure the efficiency 
of different wave lengths of light in plant photosynthesis. In such experi- 
ments it is imperative to know how much energy was actually absorbed by 
the assimilating organ. SHuuui (81) has shown that the reflection from 
leaf surfaces is selective, 7.¢e., green is most highly reflected while red and 
blue are reflected to a much less extent. The precise measurement of the 
transmission, reflection and absorption of diffusing surfaces is a very diffi- 
eult problem. Those interested are referred to McNicHouas (57, 58), 
Buock and Piranti (13), Lax, Prrani and ScaénsBorn (49), and WaLpRAM 
(85). Such problems are in general too technical to be undertaken by the 
ordinary plant investigator without the aid of a competent physicist. The 
reader is further referred to methods in use at the Electrical Testing Lab- 
oratories of New York and the United States Bureau of Standards, Wash- 
ington, D. C. 

PHOTOMETRIC DEFINITIONS 

The following photometric definitions are essentially as given by the 
committee on nomenclature and standards in the Transactions of the Illu- 
minating Engineering Society 25: 728-747, October 1930. 
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1. Light: For the purposes of illuminating engineering, light is radi- 
ant energy evaluated in proportion to the luminous sensation produced by 
it. 

2. Radiant Flux: Radiant flux is the time rate of flow of radiant en- 
ergy. It is expressed preferably in ergs per second or in watts. 

3. Luminous Flux: Luminous flux is the time rate of flow of light. 

4. Lumen: The lumen is the unit of luminous flux. It is equal to the 
flux in a unit solid angle (steradian) from a uniform point source of one 
eandle, or to the flux on a unit surface all points of which are at unit dis- 
tance from a uniform point source of one candle. 

5. Luminous Intensity: Luminous intensity, in a given direction, is the 
solid-angular flux density in the direction in question. Hence, it is the 
luminous flux on a small surface normal to that direction, divided by the 
solid angle (in steradians) which the surface subtends at the source of 
light. 

6. Candle: The candle is the unit of luminous intensity. It was origi- 
nally based on the amount of light given by a standard sperm candle burn- 
ing under fixed conditions. It is now standardized and used as an inter- 
national unit. 

7. Candle-power: Candle-power is luminous intensity expressed in 
candles. In addition to the standard candle there are certain standard 
lamps which must be burned under stated conditions: 

Standard Pentane Lamp burning pentane gives 10.0 candle-power 

Standard Hefner Lamp burning amy] acetate gives 0.9 candle-power 

Standard Carcel Lamp burning colza oil gives 9.6 candle-power. 

8. Illumination: Illumination is the density of the luminous flux on a 
surface, or the quotient of the flux by the area of the surface when’ the lat- 
ter is uniformly illuminated. 

9. Foot-candle: The foot-candle is the unit of illumination when the 
foot is taken as the unit of length. It is the illumination on a surface one 
square foot in area on which there is a uniformly distributed flux of one 
lumen, or the illumination produced at a surface all points of which are at 
a distance of one foot from a uniform point source of one candle. 

10. Lux: The lux is the practical unit of illumination in the metrie sys- 
tem, equivalent to the ‘‘meter-candle.’’ It is the illumination on a surface 
one square meter in area on which there is a uniformly distributed flux of 
one lumen, or the illumination produced at a surface all points of which 
are at a distance of one meter from a uniform point source of one candle. 

11. Phot: The phot is the unit of illumination when the centimeter is 
taken as the unit of length; it is equal to one lumen per square centimeter. 

Foot-candle equals 10.764, Lux equals 1.0764 milliphot. 
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12. Brightness: Brightness is the quotient of the luminous intensity of 
a surface measured in a given direction by the area of this surface pro- 
jected on a plane perpendicular to the direction considered. 

13. Lambert: The lambert is a unit of brightness equal to the average 
brightness of any surface emitting or reflecting light at the rate of one 
lumen per square centimeter, or the uniform brightness of a perfectly dif- 
fusing surface emitting or reflecting light at that rate. 

For most purposes the millilambert, 0.001 lambert, is the prefer- 
able practical unit. 

14. Foot-Lambert: The foot-lambert is a unit of brightness equal to the 
average brightness of any surface emitting or reflecting light at the rate of 
one lumen per square foot, or the uniform brightness of a perfectly diffus- 
ing surface emitting or reflecting light at that rate. 


MECHANICAL EQUIVALENT OF LIGHT 
- For radiation of maximum visibility one lumen equals 0.001496 watts, 
or one watt radiation of wave length 556 equals 668 lumens. 
For sunlight one calorie per square centimeter per minute is the equiva- 
lent of 5,000-7,000 foot candles. 
Tungsten filament lamps give much lower values. 


Summary and conclusions 

A critical discussion of light sources available to plant workers is given. 

A diseussion of the characteristics of various thermopiles, pyrheliom- 
eters, photoelectric cells, illuminometers and chemical photometers is given. 

The ordinary Mazda lamp, with or without filters, is the most satisfac- 
tory source of light for general use in plant investigations. 

The General Electric Sunlamp as now made is not practical for use in 
growing plants. 

Thermopiles and pyrheliometers, with or without filters, may be success- 
fully employed by the plant worker for measuring light, and are to be pre- 
ferred in general to photoelectric cells, illuminometers and various chemi- 
cal photometers. 

The writer wishes to acknowledge the kindness of Dr. H. H. Kimpauu 
and Dr. C. G. Assot in showing him the instruments used by the United 
States Weather Bureau and the Smithsonian Institution, respectively. 
The writer is also indebted to members of the United States Bureau of 
Standards, the Edison Lamp Works of Harrison, New Jersey, and the Elec- 
trical Testing Laboratories of New York, for explaining methods used in 
radiation investigations. 


LAKE STATES ForEST EXPERIMENT STATION, 
St. PAUL, MINNESOTA. 





PLANT PHYSIOLOGY 


LITERATURE CITED 


1. AsBot, CHARLEs G., Fow.e, F. E., and Aupricu, L. B. The water- 
flow pyrheliometers. Ann. Astrophys. Obs., Smithsonian Inst. 3: 
52-72. 1913. 

The silver disk pyrheliometer. Smithsonian Mise. 
Collections 56: no. 19. 1911. 
The sun. D. Appleton and Co., New York. 1929. 
and Aupricu, L. B. The pyranometer. (An instru- 
ment for measuring sky radiation.) Smithsonian Mise. Collee- 
tions 66: no. 7. 1917. 

. ABDERHALDEN, E. Handbuch der biologischen Arbeitsmethoden 
(Physikalische Methoden). Abt. II, Voux, V. Die Methoden 
zur Bestimmung der chemischen Lichtintensitat fiir biologische 
Zwecke. Lieferung 96: 361-378. 1923. 

. ArtTHouR, J. M., and Neweuu, J. M. The killing of plant tissue and 
the inactivation of tobacco mosaic virus by ultra-violet radiation. 
Amer. Jour. Bot. 16: 338-353. 1929. 

, GuTurRiz, J. D., and Neweuu, J. M. Some effects of 
artificial climates on the growth and chemical composition of 
plants. Amer. Jour. Bot. 17: 416-482. 1930. 

. Batmrpv, K. W. The measurement of light for ecological purposes. 
Jour. Ecol. 11: 49-63. 1923. 

. Birez, E. A. A second report on limnological apparatus. Trans. 
Wisconsin Acad. Sci. 20: 532-551. 1922. 

, and Jupay, C. Transmission of solar radiation by the 
waters of inland lakes. Trans. Wisconsin Acad. Sci. 24: 510-580. 
1929. 





and . A second report on solar radiation 
and inland lakes. Trans. Wisconsin Acad. Sci. 25: 285-335. 
1930. 

. Buackman, F. F., and Smiru, A. M.. On assimilation in submerged 
water plants and its relation to CO, supply and other fac- 
tors. Proce. Roy. Soc. London, B83: 374-412. 1911. 

. Buocn, L., and Prant, M. Ejigenschaften Lichtzerstreuen der Glaser. 
Rept. Intern. Illumination Congress, Saranae Inn, New York. 
Paper no. (8-0), 1928. 

. Burns, G. P. Measurements of solar radiant energy in plant habi- 
tats. Ecology 4: 189-195. 1923. 

. Burns, G. R. Studies in tolerance of New England forest trees. 
VI. A portable instrument for measuring solar radiation in for- 
ests. Vermont Agr. Exp. Sta. Bull. 261. 1927. 





16. 


17. 


18. 


SHIRLEY: LIGHT SOURCES AND LIGHT MEASUREMENTS 463 


CLEMENTS, F. E., and GoutpsmitH, G. W. The phytometer method in 
ecology. Carnegie Inst. Wash. Pub. no. 356. 1924. 

CoBLENTZ, W. W. Instruments and methods used in radiometry. II. 
Bur. Stand. Sei. Paper 188. 1912. 

Various modifications of bismuth-silver thermopiles 
having a continuous absorbing surface. Bur. Stand. Sci. Paper 
229. - 1914. 

Radiation from tungsten filament lamps. Bur. Stand. 
Sei. Paper 300. 1917. 

The photoelectric cell and other selective radiometers. 
Bur. Stand. Sei. Paper 319. 1918. 

, Dorcas, M. J., and Hueues, C. W. Radiometric 
measurements on the carbon are and other sources used in photo- 
therapy. Bur. Stand. Sci. Paper 539. 1926. 

, and Kanter, H. A new spectropyrheliometer and 
measurements of the component radiations from the sun and from 
a quartz-mereury vapor lamp. Bur. Stand. Sci. Papers 16: 233- 
247. 1920. 

, and Stair, R. Data on ultra-violet solar radiation and 
the solarization of window materials. Bur. Stand. Jour. of Res. 
3: 629-689. 1929. 


. Davis, A. R., and Hoaeuanp, D. R. An apparatus for the growth of 


plants in a controlled environment. Plant Physiol. 3: 277-292. 
1928. 


. Foote, Paut D. Some characteristics of the Marvin pyrheliometer. 


Bur. Stand. Sci. Paper 323. 1918. 


. Forsytue, W. E., Barnes, B. T., and Eastey, M. A. Characteristics 


of a new ultra-violet lamp. Jour. Opt. Soc. Amer. 21: 30-46. 
1931. 


. Gace, H. P. Glass color filters made by Corning Glass Works, Corn- 


ing, N. Y. Jour. Opt. Soc. Amer. and Rev. Sci. Inst. 17: 40-50. 
1928. 


. Gast, P. R. A thermoelectric radiometer for silvieal research. Har- 


vard Forest Bull. 14. 1930. 


. Greson, K. S., Tynpatu, E. P. T., and McNicuouas, H. J. The ultra- 


violet and visible transmission of various colored glasses. Bur. 
Stand. Tech. Papers no. 148. 1920. 

, McNicnHounas, H. J., Tynpauu, E. P. T., Frenarer, M. 
K., and MatHewson, W. E. The spectral transmissive properties 
of dyes. 17 food dyes. Bur. Stand. Sci. Paper 440. 1922. 


. Gorczynsku, L. On a simple method of recording the total and par- 


tial intensities of solar radiation. Jour. Opt. Soc. Amer. and Rev. 
Sei. Inst. 9: 455-464. 1924. 





PLANT PHYSIOLOGY 


Grasovsky, A. Some aspects of light in the forest. Yale Univ. 
School Forestry Bull. 23. 1929. 

Harvey, R. B. Growth of plants in artificial light from seed to seed. 
Science 56: 366-367. 1922. 

Growth of plants in artificial light. Bot. Gaz. 74: 
447-451. 1922. 

Carbohydrate production and growth of plants under 
artificial light. Trans. Illum. Eng. Soe. 19: 311-317. 1924. 

Henpricks, Esten, and Harvey, R. B. Growth of plants in artificial 
light II. Intensities of continuous light required for blooming. 
Bot. Gaz. 77: 330-334. 1924. 

Jones, Luoyp A. Light filters for the isolation of narrow spectral re- 
gions. Jour. Opt. Soc. Amer. and Rev. Sci. Inst. 16: 259-271. 
1928. 

KimpBauu, H. H. Records of total solar radiation intensity and their 
relation to daylight intensity. Monthly Weather Rev. 52: 473- 
479. 1924. 

Energy distribution of the visible spectrum of sun- 
light and skylight. Monthly Weather Rev. 53: 112-115. 1925. 

Measurements of solar radiation intensity and deter- 
mination of its depletion by the atmosphere. Monthly Weather 
Rev. 55: 155-169. 1927. 

Solar observations currently in Monthly Weather Re- 
view. 1931. 

The distribution of energy in the visible spectrum of 
sunlight, skylight and total daylight. Proc. Intern. Congress on 
Illumination. 1928. pp. 501-515. 

, and Hosss, H. E. A new form of thermoelectric re- 
cording pyrheliometer. Monthly Weather Rev. 51: 239-242. 
1923. 

KisTIAKOWSKY, GEORGE B. Photochemical processes. Amer. Chem. 
Soe. Monograph Series, New York. 1928. 

KuueH, A. Brooker. Ecological photometry and a new instrument 
for measuring light. Ecology 6: 203-237. 1925. 

A comparison of certain methods of measuring light 
for ecological purposes. Ecology 8: 415-427. 1927. 

KnucHe.t, H. Spectrophotometrische Untersuchungen im Walde. 
Mitteil. Schweiz. Cent. forst. Versuchwesen 11: 1914. 

Kunz, J., and SHELForD, V. E. Forms of gas filled photoelectric cells: 
Their properties and calibrations. Rev. Sci. Instruments 1: 106- 
117. 1930. 





SHIRLEY: LIGHT SOURCES AND LIGHT MEASUREMENTS 465 


. Lax, E., Prrant, M., and ScHénsporn, H. Experimentelle Studien 
liber Fliissigkeitsmodelle triiber Medien. Report Intern. Illumi- 
nation Congress, Saranac Inn, N. Y. Paper no. (8-1), 1928. 

. Leeds and Northrup Co. Philadelphia. The Macbeth illuminometer. 
Bull. 680. 1920. 


51. Livingston, Burton, E. A radio-atmometer for comparing light in- 


tensities. Plant World 14: 96-99. 1911. 


2. LuckiesH, M. Simulating sunlight. Paper before Amer. Inst. Elect. 


Eng. New York. Jan. 27, 1930. 
Artificial sunlight. G. Van Nostrand Co. New 
York. 1930. 
. Marvin, C. F. Care and management of sunshine recorders. U. S. 
Weather Bur. Washington. 1911. 
——___—_——., and Kimsatu, H. H. Solar radiation and weather fore- 
casting. Jour. Franklin Inst. 202: 273-306. 1926. 
. McCrea, R. H. Light intensity measurements by means of hydriodie 
acid. Jour. Ecology 11: 103-111. 1923. 
. McNicuouas, H. J. Equipment for routine spectral transmission and 
reflection measurements. Bur. Stand. Jour. Res. 1: 793-857. 
1928. 
Absolute methods in reflectometry. Bur. Stand. Jour. 
Res. 1: 29-73. 1928. 
Use of the under-water spark. Bur. Stand. Jour. 
Res. 1: 939-949. 1928. 
. Megs, C. E. K. Atlas of absorption spectra. London. 1909. 
. Motu, W. J. H. Moll thermopiles. Proc. Phys. Soc. London 35: Part 
5. 1923. 


2. New York Meteorological Observatory. Solar radiation. Reports 


published monthly, Central Park, New York. 

. Nurtine, P. G. A pocket spectrophotometer. Bur. Stand. Bull. 2: 
317-318. 1906. 

Oupin, A. R. ‘‘Item’’ on photoelectric cells. Science 71: no. 1852. 
Page XIV. 1930. 


5. Poote, J. H. J. A simple form of photo-electric photometer, using a 


neon lamp to measure the current. Sci. Proce. Roy. Dublin Soe. 
n.s., 19: 17-25. 1928. 

. Popp, H. W. A physiological study of the effect of light of various 
ranges of wave length on the growth of plants. Amer. Jour. Bot. 
13: 706-736. 1926. 

. Priest, J. G. Measurement of the color temperature of the more 
efficient artificial light sources by the method of rotatory disper- 
sion. Bur. Stand. Sci. Paper 443. 1922. 





PLANT PHYSIOLOGY 


Preliminary data on the color of daylight at Wash- 
ington. Jour. Opt. Soc. Amer. 7: 78-79. 1923. 
. Puuuine, H. E. Sunlight and its measurement. Plant World 22: 
187-209. 1919. 


. Rentscuuer, H. C. An ultra-violet light meter. Presented before 


Amer. Inst. Electr. Eng. New York. Jan. 27, 1930. 
. Rmweeway, C. 8. A promising chemical photometer for plant physio- 
logical work. Plant World 21: 234-240. 1918. 
. Rispet, Epvarp. Lichtklima und Lichtgenuss. Handbuch biol. Ar- 
beitsmethoden (Lieferung 279). 233-292. 1928. 
. Sayre, J.D. The development of chlorophyll in seedlings in different 
ranges of wave lengths of light. Plant Physiol. 3: 71-77. 1928. 
. SEGELKEN, J.G. The determination of light intensity. Ecology 10: 
294-297. 1929. 
. SHELForD, V. E. Laboratory and field ecology. Williams and Wil- 
kins Co. Baltimore. 1929. 
Further notes on the acquisition and use of photo- 

electric cells. Ecology 11: 348-355. 1930. 

, and Kunz, J. Use of photoelectric cells for light 
measurement in ecological work. Ecology 10: 298-312. 1929. 
. Surrey, Harpy L. The influence of light intensity and light quality 


upon the growth of plants. Amer. Jour. Bot. 16: 354-390. 
1929. 


A portable thermoelectric apparatus for measuring 
radiation intensities in the field. Ecology 9: 61-71. 1930. 
. SHuLtern, Wma. Improved water flow pyrheliometer. Monthly 
Weather Rev. 55: 361-362. 1927. 
. SHuuut, C. A. A spectrophotometriec study of reflection of light from 
leaf surfaces. Bot. Gaz. 87: 583-607. 1929. 
. Tayzor, A. H. Ultraviolet radiation from the sunlight (Type S-1) 
lamp. Jour. Opt. Soc. Amer. 21: 20-29. 1931. 
. Unter, H. 8., and Woop, R. W. Atlas of absorption spectra. Car- 
negie Inst. Pub. no. 71. Washington, D. C. 1907. 


. U. S. Bur. Stand. Letter Circular 235. Ultra-violet transmission of 


glasses. 3rd Rev. 1928. 

. Wawpram, J. M. The precise measurement of optical transmission, 
reflection, and absorption factors. Report Int. Illum. Congress, 
Saranac Inn, N. Y. Paper no. (8-2). 1928. 

. Witson, Wm. HamILton, and Epps, T. D. The construction of ther- 
mocouples by electrodeposition. Proc. Physical Soe. London 32: 
326-340. 1919-1920. 

. Zon, R., and Graves, H. S. Light in relation to tree growth. U. S. 
Forest Service Bull. 92. 1911. 





SOME EFFECTS OF ACETYLENE ON THE RIPENING 
PROCESSES OF BANANAS? 


R. HaARTSHORN 
(WITH EIGHT FIGURES) 


Introduction 


In recent years there has been considerable in the literature concerning 
the action of ethylene and propylene on the ripening processes of fruits. 
Under certain conditions, it would appear that both of these gases are 
eapable of hastening the ripening of some fruits, Denny (3, 4) ; REGEIM- 
BAL (28) ; Rosa (30, 31); and Overnoiser (26). Whether the action of 
these gases is due to the fact that they are unsaturated compounds or to 
some other property common to both remains yet to be shown. However, 
acetylene, another hydrocarbon which is even more unsaturated than the 
aforementioned ones, has been little experimented with in this regard. 
Harvey (14) reports it as being unsatisfactory, but does not present ex- 
perimental evidence to indicate the nature of its action. Any information 
concerning its action on the ripening processes of fruits would be of inter- 
est therefore, first, because it would be new regardless of whether or not 
the action were similar to that of ethylene and propylene; and secondly, 
if similar, it would tend to strengthen the hypothesis that the action of 
these gases is in some way associated with the unsaturated condition of 
the molecule. 

It is the purpose of this paper to present the results of experimentation 
on the effects of acetylene on the ripening processes of both normal and 
chilled bananas. It is not considered that this is a finished piece of work, 
in any sense; but it is hoped that it may be of interest or suggestive to 
those now engaged in projects along these lines. The work reported was 
done in 1928. 

Materials and methods 


The fruit used in the first experiments was received from the United 
Fruit Company.? It was shipped by express from New York City to 
Ithaca, N. Y., arriving there about 24 hours after unloading in New York. 
It was the Gros Michel variety and was green at the beginning of the 
experiments unless otherwise stated. 

1 Presented before the Physiological Section of the Bot. Soc. Amer., N. Y. Meetings, 
1928. 

2 The work herein reported was started during the tenure of a United Fruit Com- 


pany Fellowship. It was done in the Laboratory of Plant Physiology, Cornell Uni- 
versity. 


467 





468 PLANT PHYSIOLOGY 


The green fruit is very hard. The hardness was measured in these 
experiments by a specially devised instrument which measured the force 
required to insert a cylindrical metal plunger a given distance into the 
pulp. In these results, the index 7 indicates a very hard, green fruit; 
whereas 1 or less indicates a very soft, or ripe fruit. 

The starch content of the green fruit is very high, a cross-section of 
the fruit becoming entirely black when treated with a few drops of iodine- 
potassium iodide solution. In the ripe fruit, the starch has largely or 
completely disappeared as indicated by an absence of coloration with the 
aforementioned test. Generally, the ripe fruit still shows starch in the 
middle and in three narrow bands radiating from the middle of the pulp. 
These areas, however, are not as black as in the green fruit, and the inter- 
mediate areas may be completely free of any starch. 

All samples were composed of a number of individual fruits which 
were selected to be as comparable as possible. An individual fruit is 
called a finger and a cluster of these a hand. In the main experiments, 
the control and treated samples were composed of halves of the same hands. 

The temperatures, though fluctuating in some instances, were alike in 
all cases in both control and treated samples. In the respiration experi- 
ments the jars containing the fruit were submerged in controlled tempera- 
ture baths. The air was brought to temperature before its entrance into 
the chambers. 

The only differences, therefore, between the treated and the controls 
was the presence of the acetylene or carbide. The humidity was high in 
all cases as indicated by the condensation of moisture on the inner surfaces 
of the containers. 

In the jar experiments, carbide was placed in the bottom of 3.5 liter 
battery jars and covered with cotton to prevent contact with the fruit. 
The tops of the jars were covered with a layer of cotton to allow air ex- 
change while still preventing a too rapid loss of acetylene and moisture. 

Respiratory rate was determined by use of an apparatus which per- 
mitted a continuous flow of CO,-free air. The determinations were made 
over two hour periods by the absorption of CO, in NaOH by means of 
modified Reiset tubes. The residual alkali was titrated with standardized 
HCl after the addition of BaCl, to precipitate the carbonate. The respira- 
tory rate was calculated as milligrams of CO, per kilogram of fruit per 
hour, (CO,-MKH). 


Preliminary experiments 


The results of a couple of experiments will serve to illustrate the results 
obtained in several preliminary tests. 
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EXPERIMENT [| 

On March 21, 1928, eight firm, green fingers were placed in each of two 
battery jars, (3.5 liters capacity). About 12 grams of calcium carbide were 
placed in the bottom of one. Each jar was covered with a layer of cotton. 
The temperature during the experiment varied from 16 to 24° C. (61- 
75° F.). The treated fruit began to turn yellow in three days, the control 
fruit remaining green. At the end of five days the treated fruit was ripe. 
It had a good yellow color, medium starch content, and a fairly good 
flavor; whereas the check fruit was just beginning to assume a yellow 
color, had a high starch content, and was still inedible. 

This experiment was repeated a number of times with different lots of 
fruit and in no case, when the fruit used was green at the beginning and 
the temperatures maintained within this range, did the control fruit ripen 
as quickly or as uniformly as the treated. In those instances in which the 
fruit had clearly begun to ripen or where temperatures much over 24° C. 
(75° F.), were encountered for any length of time the differences were 
questionable though always favoring the treated as regards the color of 
the peel. On the other hand, in a few eases in which the treated fruit 
ripened well in five days, the check samples were still green at the end 
of twelve days. 

EXPERIMENT IT 


An experiment was planned to show the relative efficacy of varying 
amounts of carbide. As all the amounts used were equally effective, the 
experiment merely indicates the difference which may be obtained due to 
the treatment of bananas with carbide. Portions of hands, composed of 
seven or eight fingers, were placed in jars covered with cotton. There 
were about 2.5 liters of air space remaining in the jars after the fruit was 
placed therein. Amounts of carbide varying from 0.25 to 4.0 grams were 
placed in the jars. Cotton was placed on the carbide to prevent contact 
with the fruit. The jars were placed together in the laboratory. The 
room temperature varied from 12.2 to 24° C. After the first two days the 
temperature was not above 20.6° C., and was above 15.6° C., most of the 
time. The temperatures encountered, therefore, were favorable for ripen- 
ing but were not sufficiently high to cause its undue acceleration. When 
the experiment was started, June 13, 1928, the fruit was green in color 
and showed a pulp pressure of 5.5. The observations made three, and five 
and one-half days later are presented in table I. 

This experiment clearly shows the effect of the carbide treatment, and 
furthermore, tends to indicate that there are no sharp limits to the effective 
concentration of acetylene. The results obtained are the more striking in 
view of the fact that the odor of acetylene was readily detected several feet 
from the group of jars, including those containing the control fruit. 
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The effect on respiration 
EXPERIMENT III 

Because a preliminary experiment had suggested that respiration was 
increased during treatment, another trial was made with greener fruit to 
check the observations. The samples were composed of halves of the same 
hand and each contained six fingers. The treated sample weighed 1,021 
and the control 958 grams at the beginning. The temperatures were high 
but alike for both samples. The air was drawn through the chambers at 
as near the same rate as possible by comparing the rate of bubbling. It 
was approximately 15 liters per hour. The results are presented in 
figure 1. 


CO - 
mn E 


40 60 80 
Fic. 1. Effect of the carbide treatment on the respiration of green bananas at room 
temperature. Exp. ITI. 


At the end of 120 hours, the treated fruit was excellent in appearance, 
being uniformly golden yellow. It had a very good flavor, medium starch 
content, and a pressure of only 0.5. The check, at this time, was of variable 
color, being from yellow to green. It was not ripe as indicated by flavor, 
high starch content, and a pressure of 1.2. 

The treated fruit ripened quicker, better, and more uniformly than the 
control. Accompanying this there was a marked acceleration of respira- 
tion. It was not affected at the first determination, (2.5-4.5 hours), fol- 
lowing the beginning of the treatment. The maximum difference occurred 
at 52.5-54.5 hours after the initiation of the treatment, at which time that 
of the treated was 3.6 times that of the control. 


Effect on respiration of severely chilled fruit 
EXPERIMENT IV 
The fruit used in this instance had remained packed in barrels with 
hay for two days after arrival and was light green in color. It had an 
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index for pressure of 7.0—7.5, indicating that very little if any ripening 
had occurred though the temperature of the fruit at the end of two days 
was 21.1° C. 

Three hands from the middle of the stem were subjected to tempera- 
tures of 4.4-10° C., for 38 hours. Most of the time the temperature was 
below 7.2° C. The chilling temperatures are shown in table II. At the 


TABLE II 


TEMPERATURES (°C.) DURING THE CHILLING PERIOD, EXPERIMENT IV 








HOwRS OF 3 a r i 
CHILLING 1.5 2.5 11.5 13.5 20 26 





Air tempera- 





























21.0 | 11.7 8.0 7.2 : 4.4 «f 6.7 





end of this treatment the pressure was 5.5. At this time the hands were 
cut into halves and two samples made, each composed of halves of the 
same three hands which had been subjected to identical treatment. The 
samples were quickly weighed and placed in the respiration chambers. 
The weights of the two samples were 2,129 grams for the treated, and 
2,136 grams for the control. The air flow was regulated to 20 liters per 
hour as measured by calibrated flow-meters. The temperature was closely 
maintained at 21° C. The only difference in the two samples was that, in 
the case of the treated, the air was drawn over 15 grams of calcium carbide 
immediately before entering the chamber. When first opened, at the end 
of 77.5 hours, the chambers still smelled strongly of acetylene though most 
of the carbide appeared to have been used at the end of 24 hours. The 
results are presented in figure 2. At 128 hours the pressure of the treated 
was 0.9 whereas that of the control was 2.8. These were essentially the 
same as the determinations at 77.5 hours. The flavor of the treated was 


20 60 ; 0 

Fic. 2. Effect of carbide treatment on respiratory rate of severely chilled bananas, 
treated 
control 
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fairly good at this time but that of the check was not good even at 203 
hours. The observations as to color and starch are given in table III. 


TABLE III 


RESULTS OF EXPERIMENT IV 








TREATMENT CoLor STARCH 
HOURS AT 
21° C. CoNTROL CARBIDE CONTROL CARBIDE 








0 yellowish-green yellowish-green 
59 die we greenish-yellow 
78 4 es yellow i medium-high 
128 in ~ slightly pale yellow | medium-low 
(no green tips) 
203 3 yellow fingers 
(green tips) 
most yellowish- 
green 

















The results obtained warrant the conclusions that the fruit was severely 
chilled and that the carbide treatment markedly influenced the rate of 
ripening as indicated by increased respiratory rate, (at 45-47 hours after 
the beginning of the treatment, that of the treated was 4.4 times that of 
the control), more rapid softening, loss of starch, and improvement of 
color and flavor. 


Ammonia, an impurity in acetylene 


In view of the work of BacHuer (1) which showed that small amounts 
of ammonia in the air stimulated the growth of certain plants, and also 
that ammonia is generally conceded to be one of the chief impurities in 
acetylene, (Lewes 19, p. 472, Lizrsetanz 20, p. 247, and Matuews, 22), it 
seemed well to test the effect of this gas on the ripening of the fruit. In 
addition to treating the fruit with ammonia, the acetylene-air mixture was 
also purified by a method suggested by MatHEews (22) which would remove 
any ammonia present. The resulting gas-air mixture, which was pre- 
sumably free of ammonia, phosphorus compounds, sulphides, carbon mon- 
oxide, and carbon dioxide was passed through the respiratory chambers. 
It is quite likely that any possible trace of ethylene would be oxidized by 
the chromic acid (21, p. 91). 


EXPERIMENT V 


The purpose of this experiment was to determine whether ammonia was 
responsible for the effects previously attributed to acetylene. The fruit 
used was obtained from a local dealer but was still green as shown by 
appearance, pressure, and the respiration curve of the check. Halves of 
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three hands were used, and the weight of each sample was in the neighbor- 
hood of two kilograms. The procedure was similar to that in the previous 
experiments. The temperatures were closely maintained at 21° C. The 
ammonia was supplied as ammonium carbonate, over which air was passed 
before entering the chamber. It was planned to use an amount of the salt 
which would give, if uniformly distributed over a 24-hour period with an 
air flow of 20 liters per hour, a concentration twice that which BacHER 
found to be best for growing plants. It was not expected that the fruit 
would respond as readily as growing plants. As the first treatment ap- 
peared to be ineffective, two addition treatments of twice the original 
quantity were made. Comparisons were made with the untreated fruit, 
fruit given the carbide treatment as previously, and that exposed to the 
purified gas-air mixture. The results are presented graphically in fig. 3, 


ae 
140 Heurs 
Fic. 3. Effect of ammonia, acetylene, and purified acetylene upon green bananas. 
Exp. V. 


and a photograph of the representative samples taken at the end of 120 
hours is shown in fig. 4. The sections cut from the fruit were treated 
with iodine in potassium-iodide solution and show the disappearance of 
starch from the central portion of the fruit treated with acetylene. The 
check fruit and that treated with ammonia do not show this difference. 

At the time these samples were taken, both those treated with acetylene 
and purified acetylene were yellow and well flavored, whereas both the 
control and the ammonia treated samples were mixed yellowish-green and 
greenish-yellow and were decidedly unripe. The starch test for the acety- 
lene treatments was described as moderately high, while that for the check 
and ammonia treated was termed very high. The last two ammonia treat- 
ments were probably somewhat severe as the final ripening was not as 
good as that of the check and also, there were a few very small brown dots 
which were probably indications of injury at the points of entry. Fur- 
thermore, the divergence of the respiration curves for these two samples 
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Check Ammonia Purified Acetylene 
wh Acetylene 











Fig. 4. Representative samples from the treatments in Exp. V showing color change and 
disappearance of starch with the acetylene treatments. 


suggest that the ammonia treatment hindered ripening. From this experi- 
ment it appears that ammonia was not the active agent in hastening the 
ripening in the previous experiments, as certainly all traces of ammonia 
were removed in the purification in this experiment and the results ob- 
tained with the purified gas are practically the same as those with the 
carbide treatment. Undoubtedly, some of the acetylene was absorbed by 
the sulphuric acid used in the purification. There was no detectable 
odor in the chamber receiving the purified gas whereas the other chamber 
smelled strongly of acetylene. It seems established, therefore, that 
ammonia, as an impurity in the acetylene, is not responsible for the 
hastened ripening with the carbide treatment. 


Acetylene from another source 


Denny (3), in his work on the coloration of lemons, did not obtain the 
same results with acetylene generated by the action of alcoholic potash and 
ethylene dibromide as with that from tanks. It seemed advisable, therefore, 
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to test this point in regard to bananas. Acetylene was generated from the 
above substances by a method described by SaBenEJerF (32) with the 
additional purification suggested by ZrIseL (40). 


EXPERIMENT VI 

In this experiment comparisons were made between the effects of 
purified acetylene, acetylene from ethylene dibromide, and ethylene. The 
procedure was similar to that of the preceding experiment except that the 
latter two gases were introduced into the air stream from bottles by dis- 
placement with water. The fruit used in this experiment had been in a 
ripening room with a kerosene stove for 24 hours before being obtained. 
All samples, including the control, ripened very quickly. The results 
appear in fig. 5, and the observations in table IV. 


CO, 
MKH 


fours 
Fig. 5. Showing respiration of rapidly ripening bananas. Effect of gas treatments 
on respiration questionable. Exp. VI. 
TABLE IV 


OBSERVATIONS ACCOMPANYING RESULTS OF EXPERIMENT VI 








AT END OF 72 HRS. AT END OF 103 HRs. 
TREATMENT 





CoLoR CoLor FLAVOR 





yellowish green yellow and slightly slightly astringent 
(not uniform) greenish yellow, 
green tips 


Purified acetylene pale yellow yellow, two green | good 
tips 
Acetylene from pale yellow yellow, no green | good 

ethylene dibromide.. tips 


Ethylene greenish yellow, yellow, no green | good 
pale yellow tips 
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It is quite clear from the graph that there was very little difference in 
the respiratory rate of the check and that of the sample treated with acety- 
lene from ethylene dibromide. However, considering the differences in 
color and flavor, and the fact that the check ripened unusually fast, it 
seems that the lack of greater differences in the respiratory rate can safely 
be explained on the basis that the previous treatment had already acceler- 
ated the ripening processes. In order to check this point, this experiment 
was repeated. 

EXPERIMENT VII 


Halves of two hands composed a sample, each of which weighed about 
1,700 grams. The check sample was from the same hands as the sample 
treated with acetylene from ethylene dibromide. The temperatures of the 
latter treatment were purposely kept slightly below that of the control to 
avoid any possibility of the temperatures being in its favor. Because of 
the importance of the temperatures in this case the actual data are pre- 
sented in table V. It should also be stated, that the ethylene treatment 


TABLE V 


TEMPERATURE RECORDS FOR EXPERIMENT VII. 








TREATMENT 





ACETYLENE FROM 


CHECK PURIFIED ACETYLENE ETHYLENE DIBROMIDE 





Arr | BatH AIR BATH PULP AIR Bare | PuLp 





hours | °c. | °C. . | °C, £0, “6... 1 9. | 90. |. *e 
0. 21.1 | 211 ’ 21.1 | 20.7 20. 21.1 | 204 | 20. 
6.5 | 218 | 20.9 21.9 | 20.8 21.2 | 20.6 
8.5 | 21.9 | 21.1 22.0 | 21.1 21.4 | 20.5 
38. 21.7 | 20.9 22.0 | 21.1 21.2 | 20.8 | 
40. 22.0 | 21.1 22.6 | 21.1 21.5 | 20.6 
72. 22.0 | 20.9 . 22.5 | 21.4 21.4 | 21.1 | 
78.5 | 222 | 211 22.3 | 20.8 22.2 | 21.1 | 
80.5 | 22.0 | 211 22.2 | 20.9 22.2 | 21.1 
94, 21.9 | 20.8 21.1 | 19.4-21.1 21.8 | 20.4 
96. 219 | 211 | 222 | 219 | 211 21.4 | 21.7 | 20.4 


























in this case is not strictly comparable in that an electric light bulb was 
used as a heating unit whereas, in all other cases, immerson heaters were 
used. The effect light may have is unknown. 

Unfortunately, the fruit used was not satisfactory as it was even older 
than that used in the preceding experiment. The results, fig. 6, indicate 
that the fruit was well started in the ripening processes at the beginning 
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urs 
Fie. 6. Effect of purified acetylene, acetylene from ethylene dibromide and ethylene upon 
the respiration of ripening bananas. Exp. VII. 


of the experiment. In spite of this, there was a slight but significant 
difference in the respiratory rate of the fruit treated with acetylene from 
ethylene dibromide as compared with that of the control. Also, at the end 
of the experiment, the check still had green tips while both of the acetylene 


treatments were uniformly yellow. The treated fruit was well flavored 
whereas the check was slightly green and astringent to the taste. In view 
of these differences, and in spite of the conditions it seems quite likely 
that acetylene, from either calcium carbide or ethylene dibromide and KOH 
will give similar hastening of the ripening of bananas. The effect of 
acetylene appears to be qualitatively similar to that of ethylene. 


Discussion 


A comparison of the respiration determinations of various samples is 
given in fig. 7. The curve, (number 3), which represents the average of 
several check samples, indicates, in general, the form of the respiration 
curve of normally ripening bananas held at 21.1° C. Sometimes the rise 
is a little more rapid, the peak higher and more pointed. On the other 
hand, when fruit has been subjected to conditions which affect it adversely, 
the curve may remain very flat for some time. This is illustrated by the 
curve of the chilled fruit, (number 1). Curve number 5 is that of the 
check in experiment VI, in which the treatments failed to show accelera- 
tion of respiration. The explanation for this lack of difference seems to 
be, that the fruit was already in the process of ripening very rapidly and 
near the peak of its activity. To substantiate this, is the fact that when 
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. ‘3 
Fic. 7. Comparison of respiration of the checks of different experiments. 
. Check in chilling experiment, (check chilled). 
. Check of experiment in which acetylene treatment showed marked acceleration. 
. Typical ripening curve (average of several checks). 
. Check of experiment in which treatments showed only slight differences. 
. Check of experiment in which treatments showed differences which were questionable. 


curve 5 is superimposed upon curve 3, (see dotted lines), the agreement 
seems to be very close. Curve 4 is that of the control in experiment VII, 
in which more difference was shown by the treatments. It will be seen that 
in this case also the fruit was ripening rapidly, but not as rapidly as in the 
other case, and that consequently, the differences due to the treatment were 
more evident. 

Therefore, since the fruit used in experiments VI and VII was in the 
process of ripening very rapidly and near the peak of its activity, it is not 
surprising to find that the treatments did not cause greater acceleration. 

The treatments appear to be most effective in shortening the initial 
period of low activity and consequently the greatest differences are found 
in the cases in which this period is of greatest duration, as in that 
of severely chilled fruit. It is also quite likely that once this acceleration 
of activity has commenced the presence of the gas is no longer necessary. 
This, however, needs experimental investigation. If the preceding 
hypothesis is correct, then such varieties as the Lacatan, which are ripened 
slowly and with difficulty, should respond similarly to the chilled fruit. 


Fig. 8. Respiration of bananas as determined by various workers. 
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In fig. 8 are shown the determinations of various workers who have in- 
vestigated the respiration of bananas. The curve of the average of several 
check lots is also repeated for comparison. From a study of these curves, 
it will be seen that these workers used bananas which were already well 
advanced in the ripening processes. This point was first established by 
EK. F. Hopxins.? As a matter of fact, LAanawortHy (18) states that the 
fruit was ‘‘more mature than usual,’’ also, that it hung in the laboratory 
over night; and Gore (9) says that the ‘‘bananas were on the point of 
turning yellow.’’ O.Ney (25) makes mention of the relative maturity of 
the fruit used but even his ‘‘least mature’’ was far from green, as can be 
seen from the curve. Furthermore, his work being done in Chicago would 
make it even more difficult to obtain fruit which had not encountered 
favorable conditions for the ripening processes. By a comparison of these 
curves and also those in fig. 7, it seems safe to conclude, that in the case of 
the previously reported work, and in the experiments herein presented in 
which the controls ripened rapidly that the fruit was already well along 
in the ripening processes when the experiments were begun, and that 
furthermore, this was due to the fruit having previously been exposed to 
favorable ripening conditions or to substances such as ethylene, acetylene, 
or other volatile substances which would stimulate the ripening processes 
as indicated by a high initial respiratory rate and an immediate rapid rise 
of the same. 

The work of Hrpparp (15) and Wotre® with ethylene would seem to 
fall in line with these observations and conclusions. The fruit which H1- 
BARD found to require 232 hours to color was probably chilled, and that 
‘‘which had been exposed to low temperature for too long a period’’ was 
probably more than just chilled, or had also received other deleterious 
treatment. Low humidity sometimes has injurious effects which are simi- 
lar to chilling, but the response of the fruit so exposed would not be the 
same. All the work herein reported was with very high humidity. 

Though no previous work has been reported as to acetylene acting simi- 
larly to ethylene in the ripening of bananas, there is evidence in the litera- 
ture which indicates that this is in line with its behavior. It has been 
reported as causing—nutations, (16, 17, 24, 29) ; changes in the chemical 
composition of germinating seeds and tubers, (10); decomposition of 
chlorophyll, (8, 11) ; production of intumescences, (35) ; breaking of rest 
periods, (23, 36, 37, 38) ; and inhibition of growth, (17, 39). 

2 Hopxins, E. F. Respiration and ripening of bananas. Unpublished report to the 
United Fruit Co. 1-46. 1927. 


3 WotrE, H. S. The effect of ethylene on the ripening of bananas. Paper pre- 
sented before the Amer. Soc. Plant Physiologists, Cleveland meetings, 1930. 
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Though the action of acetylene, ethylene, and propylene seems to be 
somewhat different from that of other substances, notably as regards the 
wide range of effective concentrations, there is still insufficient evidence to 
connect this behavior with the unsaturated condition of the molecule. 
Many other substances have been shown to be capable of hastening the 
ripening of fruits (34), and forcing plants (5, 6, 7, 33, 37). The action 
of these gases on horticultural material has been more completely presented 
in a paper by HartsHorn.* 


Summary 


The experiments here reported show that the ‘‘carbide treatment’’ has- 
tens the ripening processes of thoroughly green bananas as shown by the 
rates of softening, respiration, starch hydrolysis, flavor and color changes. 
That these effects are due to acetylene rather than ammonia or some other 
impurity in the gas seems fairly well established by the experiments in 
which the gas was purified. It has not been shown that no ethylene was 
present in the acetylene, but it seems very unlikely in view of the condi- 
tions under which the gas was produced and purified, and the low concen- 
tration of acetylene used in some experiments. There appeared to be no 
sharp limits to the concentrations of acetylene giving these results. 

Though the difference in the respiratory rate may be considerably in- 
creased at a given time by the treatment, the maximum respiratory rate 
during the ripening may not be greatly changed by the treatment except 
in the case of severely chilled fruit. The effect appears to be mainly in 
the abbreviation of the period of low activity normally occurring at the 
beginning of the ripening processes or which may be considerably extended 
by unfavorable conditions such as chilling. 

The condition of the fruit at the beginning of the experiment is of 
prime importance as to the results obtained. It is suggested, that the high 
initial respiratory rates determined by previous workers were due to the 
fact that the fruit was well advanced in the ripening processes, at the be- 
ginning of the experiments, due either to exposure to favorable ripening 
conditions, or to stimulation by ethylene, acetylene or other volatile sub- 
stances of similar action. 

The results with acetylene are in agreement with those obtained with 
ethylene, and also with its previously determined effects on horticultural 
material. 


WASHINGTON, D. C. 


4 HARTSHORN, RopertT H. The effect of acetylene, ethylene and prophylene on horti- 
cultural material. Cornell University Thesis, 1-38. 1929. 
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WATER-SUPPLYING POWER OF THE SOIL UNDER DIFFERENT 
SPECIES OF GRASS AND WITH DIFFERENT RATES 
OF WATER APPLICATION? 


F. A. WELTON AND J.D. WILSON 


(WITH FIVE FIGURES) 


The water-supplying power of the soil has been investigated by a num- 
ber of workers during the past 30 years. The soil-point method which is 
used in this study was described by Livineston and Koxetsu (3). This 
method has since been used to study the seasonal variations in the water- 
supplying power of the soil with reference to rainfall, evaporation rate and 
the growth condition of lawn grasses by Livinaston and Onea (4) and by 
Witson (5). Other closely related investigations have been made by Liv- 
INGsToN, HemMMI and Witson (2) and by Bautpwin (1). An unpublished 
paper by WILSON and LivinesTon deals with the relations existing between 
the decreasing water-supplying power of the soil and the wilting and death 
of a number of grass species. Some of the observations made in the course 
of the last mentioned study suggested the experiments reported here. 

During the past three seasons the senior author has been conducting an 
experiment on the use of water by various lawn grasses. This includes a 
series of seven plots, each of which is watered differently. Each plot is 
divided into three equal parts, one-third of which is planted to Kentucky 
blue grass, one-third to Chewing’s fescue and the remainder to Washington 
bent grass. Water is added to five of these plots in measured quantities 
and at definite times and intervals. The other two plots serve as checks 
and receive only what water falls as rain. The grass is clipped and weighed 
at intervals, the length of these in days being determined by the rate of 
growth. 

Only four of the seven plots were used in the study reported here. 
These included one check and three other plots which received 1.5, 2.0, and 
3.0 times the normal, respectively. This ‘‘normal’’ is the average amount 
of rainfall for the months included in the growing season at Wooster, Ohio, 
as determined by the Weather Bureau station during the past 40 years. 
Thus the plot represented by 1.5 N received an amount of water which ex- 
ceeded that which would normally fall on the plots by 50 per cent., the 2.0 
N an excess of 100 per cent., and the 3.0 N exceeded the check by 200 per 
cent. Since the rainfali was very deficient during the summer of 1930 these 
relative values did not obtain, as will be shown later. 

1 Published with the approval of the Director of the Ohio Agricultural Experiment 
Station. 
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The methods used in making the water-supplying-power determinations 
were the same as those described by the junior author (5) in a seasonal 
study of lawn grasses in relation to the water-supplying power of the soil. 
The usual form of porous porcelain soil point was employed. This instru- 
ment has an absorbing surface of approximately 12 square centimeters. 
The points were placed with the aid of a dibble. The depth of insertion 
was such that the mean depth of the absorbing surface was six centimeters. 
The period of exposure was one hour. Four soil points were used on each 
grass species on each plot for each set of determinations. Thus, the values 
representing the water-supplying power of the soil in each instance are the 
average of four instruments. The determinations were made at irregular 
intervals during the months of June, July and August, the dates being de- 
termined largely by the general weather conditions. 

The state of Ohio experienced a very severe drouth during the season of 
1930 and the months of June, July, and August were especially dry, warm 
and sunny. As a result not only the check plot mentioned above, but many 
lawns suffered severely from a lack of soil moisture. The fact that the 
grasses on the check plot became very brown and were retarded in growth 
while those on the artificially watered plots remained green and grew well 
made this an excellent season to carry on this water-supplying-power study. 
The rainfall for May at Wooster, the data of which are included here be- 
cause of the influence of the precipitation of this month on the soil moisture 
conditions in early June, was only 40.5 per cent. of the normal. For the 
months of June, July and August the percentages were 71.9, 42.1, and 74.8 
of the normal, respectively, or the rainfall for the four months taken as a 
group was 56.8 per cent. of the normal. In comparison with these data, 
the evaporation totals, as determined with blackened, standardized Liv- 
INGSTON spherical atmometers, were very high. For the months of May, 
June, July and August the rates were 19.4, 66.6, 77.1 and 48.0 per cent., 
respectively, in excess of the average for the same months of 1928 and 1929. 
If the four months are considered as a single period, the excess is 52.8 per 
cent. over the 1928-29 average. The mean temperatures for these four 
months were from one to three degrees F. above their normals. This com- 
bination of low rainfall and high evaporation rates, together with an excess 
of sunshine and temperature, brought about the very severe drouth ex- 
perienced at Wooster in 1930. 

Since the rainfall for the period including the months of June, July and 
August was only about 60 per cent. of the normal, the check plot did not 
receive its usual amount of water. This means that the artificially watered 
plots instead of receiving the indicated percentages in excess of the check 
actually received more than these. For instance the 1.5 N plot received 83 
per cent. more water than the check instead of the indicated 50 per cent. 
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Thus 1.5 N became 1.83 N while 2.0 N was 2.67 N and 3.0 N was 4.33 N 
when these values are computed on the basis of the check. This variation 
in the relative amounts of water applied to the different plots cannot be 
avoided since in years when the rainfall exceeds the normal there is no 
practical way of decreasing the amount falling on the plots. 

The water-supplying power of the soil in a restricted area having a uni- 
form slope and vegetation covering is chiefly influenced by the quantity of 
water falling as rain and by the evaporation rate. If water is added arti- 
ficially it too must, of course, be considered. Figure 1 shows some of the 
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Fic. 1. Graphical representation of rainfall (heavy, vertical lines), evaporation 
rates (dash line), and the water-supplying power of the soil of the check plot (full line 
closely paralleling the base) and an average of the values for the plots receiving 1.5 
and 2.0 times the normal falling as rain (upper full line). The capital letters at the 
top indicate the dates of adding water to the 1.5 and 2.0 N plots. 


relations which existed over a period of three months between the water- 
supplying power of the soil in the grass plots studied and the environmen- 
tal factors of rainfall, rainfall plus irrigation, and the evaporating power of 
the air. The full line, which closely follows the base line of the graph over 
part of its length, represents the water-supplying power of the soil on the 
check plot. This plot, as stated earlier, received only what water fell as 
rain during the period of observation. The values indicated are averages: 
of those obtained for all three of the grass species on the plot. The full line 
in the upper part of the graph shows similar values obtained by averaging 
those obtained on the 1.5 N and 2.0 N plots. The dash line indicates the 
average daily evaporation values, in terms of cubic centimeters, the aver- 
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ages being determined for intervals varying in length according to the dates 
on which soil-point determinations were made. The heavy vertical lines 
represent the rainfall in inches and indicate the dates on which the rains 
oecurred. The dates on which water was artificially added to the two plots 
included in data shown in the upper full line are indicated by the letters 
at the top of the graph. 

The water-supplying power of the check plot was very low in early 
June after the very light rainfall of May. The rains of June 16, 17 and 
18 moistened the surface soil enough to give a value of 424 on June 19. 
This was not equaled again until August 26, when 446 milligrams of 
water were absorbed per soil point per hour at a depth of six centimeters. 
On July 3 the water-supplying power on the check plot had fallen to a 
value of 32 in spite of the rains of June 24, 26 and 30. The light rains 
occurring between July 3 and August 14 had very little influence on the 
moisture content of the soil since none of the soil point values exceeded 31 
milligrams during this period. The grasses on this plot remained very 
brown and in a poor vegetative condition throughout the period. The 
fescue was least injured, the other two species suffered equally as far as 
could be determined by a casual examination. The water-supplying power 
of the 1.5 N and 2.0 N plots showed maximum values on the same dates as 
the check, indicating that these were dates of high moisture values even on 
well watered areas. The low rainfall and high evaporation rates of the 
last half of July brought about a gradual drying out of the soil even on 
these artificially watered plots. The very low value of July 31 was unex- 
pected but it may be noted on the chart that this came after a period of 
high evaporation and low rainfall and, what is also significant, eight days 
after the last previous application of water. The total evaporation from 
the blackened sphere for this period of eight days was 512 ee. or sufficient 
according to Witson (5) to correspond to a very considerable decrease in 
the water-supplying power if no rain intervened. Only about 0.35 of an 
inch fell during this period. Each of the three species of grass remained 
in good condition on these two plots throughout the summer. The water- 
supplying power of the 1.5 N plot, which was of course drier than the 2.0 
N, showed no average values for the three species which were less than 500 
milligrams and only two of the 33 determinations made on this plot were 
below this amount. These were both on Kentucky blue grass. This value 
of 500 mg. per soil point per hour at the 6-cm. depth was the one deter- 
mined by Wiison (5) to represent a supplying power which should always 
be sufficient for good growth of lawn grasses. That this was also sufficient 
in this instance is shown by some of the data presented in the following 
paragraphs. 

Figure 2 presents a comparison between the water-supplying power of 
the soil for three of the plots and the yield of grass which they produced 
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during the period made up of the months of June, July and August. The 
water-supplying-power values are represented by the dash line. The value 
shown for each plot, or water treatment, was arrived at by including all 
three species for the eleven dates, that is, an average of 33 determinations. 
The yield values, shown by the full line, include two species only—blue 
grass and feseue—and represent the total weight in kilograms of grass 
removed from each plot during the three months mentioned above. The 
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Fig. 2. The water supplying power of the soil of the check plot and of those receiving 
1.5 and 2.0 times the normal falling as rain (dash line) compared to the 
yields of grass for the months of June, July and August, 1930. 


yield of the 1.0 N plot was low in comparison with that on the other two 
plots. On the other hand, the yield of the 1.5 N plot was nearly equal to 
that of the 2.0 N area. The average water-supplying-power value of 1.0 N 
was only 98 milligrams and if the two determinations of June 19 and 
August 26 are not included the average is only 23 milligrams for nine 
different dates. This value is far below the 500-mg. value previously men- 
tioned and is also well below the value of 100 mg. which Livineston and 
Ouea (4) and Witson (5) found to be a minimum below which grasses 
would be definitely injured through a lack of water. The average water- 
supplying power on the 1.5 N plot was about 1600 mg. or well above the 
500-mg. value. The corresponding average on the 2.0 N plot was about 
2,250 mg. Thus while an average water-supplying power below 100 mg. 
was insufficient for good growth of grass, one of 1,600 mg. was sufficient 
and nearly as good as one of 2,250 mg. The applications of water beyond 
that placed on the 1.5 N plot seems to have been unnecessary even in a 
season as dry as that of 1930. Also it is possible that the use of some 
amount even less than 1.5 N would have given nearly as good growth. 
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Figure 3 is similar to figure 2 except that it includes data from the 3.0 
N plot and covers only the months of June and July, during which eight 
determinations of the water-supplying power of the soil were made. The 
slope of both lines is again much greater from 1.0 N to 1.5 N than from 
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Fie. 3. Similar to figure 2. Data for the 3.0 N plot is added but only the months of 
June and July are represented. 


1.5 N to 2.0 N and the increase in yield was almost negligible from 2.0 N 
to 3.0 N. The water-supplying power of the soil continued to increase up 
to 3.0 N where it reached a value of over 2,800 mg., but this was clearly of 
little importance in increasing the yield of grass over that on the 1.5 N 
plot with a water-supplying-power value of about 1,500 mg. If the use of 
water in excess of that added to the 1.5 N plot was questionable in con- 
sidering the data of figure 2, then the addition of the extra amount on the 
3.0 N plot as shown in figure 3, was clearly unnecessary. 

The water-supplying power of the soil under each of three grasses at 
three different water treatments is shown in figure 4. Each value indicated 
is the average of the eleven determinations made on a given plot section 
during the months of June and July and August. The full line shows the 
water-supplying power of the sections bearing Chewing’s fescue. The 
dash line represents the Washington bent grass and the dotted line that of 
the portions planted to Kentucky blue grass. During these two months the 
soil under the Kentucky blue grass supplied less water to a soil point than 
that under either of the other two species. However, it was not very differ- 
ent from the sections bearing Washington bent grass, being equal to or 
greater than the latter in some instances. The average values obtained 
for Chewing’s fescue were considerably above those for the other two 
grasses, being about 60 per cent. greater than that for Kentucky blue grass 
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Fie. 4. A comparison of the water-supplying power of the soil under Chewing’s fescue 
(full line), Washington bent grass (dash line), and Kentucky blue grass (dotted 
line), with three water treatments for the months of June, July and August. 


on the 1.5 N plot and on some of the dates involved it was two or three 
times as great. Since equal quantities of water were applied to each 
species of grass on each plot this difference in the water-supplying power 
of the soil with the different grasses must have been due to some difference 
in the rate of water use. The narrow-leaved fescue apparently did not 
place as great a demand on the available soil moisture supply as the other 
two forms and this may be one of the reasons why the fescue remained 
green much longer than the bent or blue grass with the beginning of drouth 
conditions during the past summer. In an unpublished study by the junior 
author, in which the response of 17 different species of grass to a progres- 
sive decrease in the water-supplying power of the soil was observed, it was 
found that the fescues as a group were more drouth resistant than the bent 
or blue grass forms. This study also indicated that none of the forms 
tested, with the possible exception of some of the fescues, could survive an 
extended period during which the water-supplying power of the soil was 
below 50 mg. This was the case during the past summer for the three 
species growing on the check plots. The water-supplying power of the soil 
under all three species was below this value during most of the summer, 
the value of the fescue section being nearly as low as that for the other 
two sections as is shown in figure 4. 

Figure 5 is similar to figure 4 except that it includes the data for the 
©.0 N plot and covers only the months of June and July during which eight 
determinations of the water-supplying power of the soil were made. The 
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Fic. 5. Similar to figure 4. Data for four water treatments for the months of June 
and July only. 


data are similar to those shown in figure 4. The values for the fescue are 
still well above those for the other two species, being relatively less in 
excess at 2.0 N and 3.0 N than at 1.5 N. In this case the blue grass section 
of the 2.0 N plot gave a higher average value than the bent grass section, 


but indicating again that there was little difference in the rates at which 
these two species use water. 


Summary 


The water-supplying power of the soil under three different species of 
lawn grasses was determined at intervals in the months of June, July and 
August during the summer of 1930 at Wooster, Ohio. The grasses were 
Kentucky blue, Chewing’s fescue and Washington bent. Four different 
water treatments were included in the study. One plot received no water 
in addition to that falling as rain, a second received an additional amount 
equal to 50 per cent. of the normal rainfall, a third 100 per cent. of this 
normal and a fourth 200 per cent. 

The usual form of porous porcelain soil point was used, this being in- 
serted to a depth of six centimeters and left in the soil for a period of 
one hour. 

Data on such environmental factors as rainfall and evaporation rates 
are given. The rainfall was very low, only about 60 per cent. of the normal 
for the months of May, June, July and August. This deficiency, of course, 
disturbed the intended ratio of 1 to 1.5, to 2.0, and to 3.0 for the different 
plots. The evaporation rates were far above the average for the summers 
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of 1928 and 1929. This high water loss aggravated the dry conditions 
which normally would have resulted from such a lack of rainfall as existed 
and in consequence a very severe drouth was experienced. 

The water-supplying power of the soil on the three sections of the check 
plot was below the critical value of 100 mg. during most of the 3-month 
period involved and the grasses were brown and dry. The other plots were 
usually well over the value of 500 mg. above which most lawn grasses do 
not suffer from a lack of soil moisture, and each of the three species re- 
mained in good condition throughout the experimental period. 

The yields were nearly as good from the 1.5 N plot as from either of 
the others, each of which received an additional amount of water, indicat- 
ing that amounts in excess of those which will maintain a water-supplying 
power of the soil at 500 mg. or above are not required to obtain good top 
growth of lawn grasses. 

The water-supplying power of the soil under the fescue was greater in 
nearly every one of the 41 determinations involved. Its average value for 
11 dates on the 1.5 N plot was about 60 per cent. greater than that for 
the Kentucky blue grass. The values for the latter and Washington bent 
were quite similar, the bent usually being slightly higher. These results 
suggest that the narrow-leaved fescue places a smaller demand on the 
available soil moisture than the other two broader-leaved forms. This, 
together with the fact that it enters a drouth period with a greater reserve 
of soil moisture is probably a significant factor in enabling this species to 
survive drouth periods better than many other forms such as the bents and 
blue grasses. 


OHIO AGRICULTURAL EXPERIMENT STATION, 
Wooster, OHIO 
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MOVEMENT OF WATER IN PLANTS AS AFFECTED BY A 
MUTUAL RELATION BETWEEN THE HYDROSTATIC 
AND PNEUMATIC SYSTEMS* 


E. M. HARVEY 


(WITH FIVE FIGURES) 


When one considers the vast accumulation of literature dealing with 
the problem of water movement in plants, the paths of its conduction, the 
nature of the structural elements involved, the possible sources of energy 
required, and the mechanics of its application, it seems rather late to offer 
another suggestion. Yet the purpose of this paper is to call attention to a 
certain phenomenon of water movement in plants, and to suggest an 
explanation of it. 

Recently during a series of studies on the paths of conduction, or rather, 
of least resistance, between different parts of apple branches by means of 
dye solutions, the following situation was repeatedly observed. Whenever 
suction is applied to one cut-off branch and a dye solution to another, even 
though the latter is located at considerable distance from the former, the 
dye enters the main stem and then streams, not only through the conducting 
elements toward the source of suction pull, but also rapidly and directly 
away from it. There were certain variations in the path taken by the dye 
solutions, depending on whether or not the suction was applied ‘‘above’’ 
or ‘‘below’’ the source of the dye solution, or on the relative ages of the two 
branches under observation. These details will be considered later, but the 
interesting thing always evident was this, that there seemed to be some 
force acting definitely and in somewhat the same strength, both toward 
and away from the source of suction. 

This opposite-acting force was at first assumed to be saturation deficit, 
but the idea was discarded when it was found to require hours for dye solu- 
tions without suction to traverse distances which could be accomplished in 
2 to 15 minutes with suction. 

It was then thought possible, since the suction connections had always 
covered the bark of the cut-off branches, that the negative pneumatic ten- 
sion had been propagated more rapidly through the cortex than through the 
xylem to points beyond the branch receiving the dye solution, and that the 
negative tension at such points had in some manner been translated radially 
to the xylem, thereby causing the dye solution to be drawn away from the 
suction force. Again, this idea had to be abandoned when it was found 
that if the bark were completely removed, the same phenomenon persisted. 

1 Published with the approval of the Director as Technical Paper no. 142 of the 
Oregon Agricultural Experiment Station. 
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It now became necessary to face the conception of a hydrostatic-pneu- 
matic system in the xylem, a conception which has been so well brought 
forward through the extensive and critical researches of MacDovaat (1, 2) 
and recently and, more particularly, by MacDouGaL, OvERTON and SMITH 
(3). In the latter work it was shown that there is not only a definite water 
conducting portion in each annual ring, but also a gas-containing one. 
These portions of an annual ring were designated, early spring, spring and 
late summer wood, and the function of each as regards water conduction or 
gas-containing seemed to be more or less fixed for each species. This work, 
therefore, presents definite information as to the relative location of the 
hydrostatic and pneumatic systems of certain plants. Overton (4) has 
just announced that the relative areas occupied by these two systems in a 
given plant vary with the season. 

The results of a particular series of experiments of MacDouaGau, OvER- 
TON and SmiruH (3) bear directly upon the present question. These inves- 
tigators fixed several air-connected manometers into a tree at varying 
distances apart and then applied suction. The manometers located directly 
above and below the point of suction responded quickly to the negative 
tension, but those on the opposite side of the tree trunk responded very 
slowly or not at all. The authors, however, observed no consistent response 
in the hydrostatic system to variations of tension in the pneumatic. 

But in order to explain the results to be reported in the present paper, 
it seems necessary to assume a definite interaction between the hydrostatic 
and pneumatic systems, and that the pneumatic system can, under certain 
conditions, become a factor in aiding water movement in plants. 

To illustrate this supposed interaction between the two systems, a few 
typical experiments will be described. 

I. The quickest and simplest type of experiments for showing an inter- 
action between hydrostatic and pneumatic units? in plants is as follows: 

An apple branch,’ say two to four years old, is connected with a 
source of suction at the basal end. Now cut off a small side-branch leaving 
a stub at least 4-6 em. in length. Insert this stub into a beaker of dye 


2 By the term hydrostatic or pneumatic ‘‘unit’’ is meant that definite portion of 
xylem tissue which is directly connected with, and in the main normally supplies, any 
given side-branch, so that such a ‘‘unit’’ may be either relatively large or small depend- 
ing upon the size of the branch under consideration. 

3 All branches or parts of branches used were freshly cut, within a few minutes 
before each experiment, from much larger branches which had been brought from the 
orchard, usually within 24 hours. 

Such large branches were left out-of-doors where conditions were as in the orchard, 
that is to say, moist, and temperature low, but not below 0° C. All material was in the 
state of winter dormancy. 
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solution and start the suction. Sometimes within a few seconds, usually 
within five minutes, the dye will have been drawn to the main stem, and 
moved from the point of juncture, ‘‘downward’’ toward the source of suc- 
tion, but at the same time a part of the stream of dye solution will have 
moved approximately an equal distance ‘‘upward’’; that is to say, directly 
away from the source of suction. This experiment may be performed with 
or without removal of the bark. However, if the bark is previously re- 
moved, the movement of the dye can be followed readily ; but if the bark is 
left intact during the experiment, it should be removed afterwards in order 
to observe results more easily. Fig. 1 shows the results of two such tests. 
Branch A was 4 years old and B was 3. The side branches (b—b) to which 














Fic. 1. Showing the movement of dye solutions in small branches when suction was 
applied at a and the solution at b. 


the dye solutions were connected were each one year old. The duration of 
the experiment was 5 minutes and the negative tension was equivalent to 
nearly 700 mm. of Hg. Under these conditions the dye solution was drawn 
entirely to the base (a—a) of each, or 14 em. In A the dye solution also 
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streamed along a line directly upward from b to a distance of 27 em. In 
B, there was a corresponding upward streaming of the dye from b, but it 
reached a point only 17 em. above b on account of having been largely de- 
flected by branch c, one side of which the stream of dye entered and moved 
upward for about 10 em. In such experiments as these the dye never 
leaves the hydrostatic unit of the side branch through which it is intro- 
duced. But if there is another side branch having a portion of its hydro- 
static unit in common with the first, then the dye will freely enter the other 
through, and only through, the common unit and will remain within it. 

This behavior of dye solutions in small apple branches is also character- 
istic for many other plants. The same behavior was noted for the Italian 
prune, pear, sweet cherry, sour cherry, Amelanchier alnifolia, Crataegus 
douglasti, Rosa 2 spp., red raspberry (var. Cuthbert), Loganberry, Ever- 
green blackberry (R. laciniatus), Juglans cinerea, J. regia, Corylus avel- 
lana, Castanea dentata, Quercus garryana, Acer macrophyllum, and Salix 
spp. Only two species tried have failed to respond in a manner as described 
above. These were Fraxinus oregana and the black raspberry (var. Plum 
Farmer). 

II. A second type of experiment was tried where the procedure was 
exactly the reverse of the preceding, that is, the suction was applied to a 
side branch and the cut-off base was placed in the dye solution. The re- 
sults, however, were the same as before, for when branches, which had been 
treated by this method were compared with specimens such as shown in 
fig. 1, it was difficult to distinguish them. The dye was drawn up from the 
base through the hydrostatic unit of the side branch in question, a portion 
of the dye passed into the branch, but the rest streamed up the stem beyond 
the side branch apparently against the suction force. 

III. Experiments of type II above were modified to the extent that 
instead of placing the basal end into the dye solution, the stem was cut off 
above the suction attachment and that end placed in the solution. The 
resulting picture was somewhat different, although it still gave evidence of 
an interaction between the hydrostatic and pneumatic units. The char- 
acteristic results of this procedure are shown in B of fig. 2. Here the suc- 
tion was applied at b, with the dye solution entering at a. The dye moved 
freely toward b in a rather wide stream, the middle part of which entered 
branch b, but mostly through its adaxial side. The outside portions of the 
stream passed around the base of b and moved rapidly in two parallel * 
bands down the main branch for 24cm. The right hand band (see fig. 3 B) 
was itself divided by the presence of another side branch at c. The dye did 
not enter that part of the hydrostatic unit which supplied the outside face 
of b. The situation is relative, however, for if suction is prolonged, the 
dye will cross over into the remaining part of b fairly completely. The 
duration of this particular experiment was 6 minutes only. 
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Fic. 2. A. The direct and indirect effects of suction at a with dye solutions admitted 
at b and c. B. The effects when suction was applied at b and 
the dye solution at a. 


IV. While the foregoing experiments seem to indicate an interaction 
within a single hydrostatic-pneumatic unit, and that this interaction causes 
definite water movement, they have not furnished evidence as to whether 
or not there is an interaction between separate hydrostatic-pneumatic units. 
It has been assumed so far, that the water movements recorded, especially 
those away from the source of energy, were caused by a more rapid propa- 
gation of negative tension through the pneumatic units, so that this tension 
quickly passed around the greater resistance in the hydrostatic unit. In 
such situation it was then capable of applying itself to all points along the 
latter. Whenever the tension was transmitted in this manner to somewhat 
distant points, it caused water movements which appeared paradoxical. 

In all experiments described, the dye solution and suction force were ap- 
plied to the same hydrostatic-pneumatie unit. But the following experi- 
ments were designed to yield information concerning a possible interaction 
between relatively distant hydrostatic-pneumatic units. 

The results of a typical experiment of this sort are shown in fig. 3. The 
material used was an apple branch, the main stem of which was 7 years 
old, and, near the bottom of the photograph, 5.8 em. in diameter. Suction 
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Fig. 3. A. Showing the mutual relation of the hydrostatic-pneumatic unit of branch a 
to that of branch b. B and C are cross-sections just below and above b of A. 


was applied at branch a. A dye solution was connected to the small side 
branch b which was situated 135° around the stem from branch a, and 
about 35 em. above it. Suction was allowed to act for 40 minutes. The 
bark was then removed as shown. It was observed that the dye solution 
had entered the main branch and traveled 19 em. upwards and about 40 
em. downwards. It is here admitted that there are forces, e.g., saturation 
deficits, within such a branch capable of causing the dye solutions to be 
drawn in without suction, and afterwards the dye may be distributed in 
practically the same manner as in all cases described. There is this differ- 
ence, however, namely: with suction the distribution of the dye may take 
place in a few minutes while without it, many hours are usually required to 
produce a corresponding effect. 

In the results of this type of experiment, there are some points of 
especial interest. First, it was apparent that there was a cross transfer- 
ence of negative tension between separate pneumatic units, but practically 
no ecross-transference between corresponding hydrostatic units. Note C 
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and B in fig. 3. These are photographs of cross-sections made just above 
and below b to show how strictly the dye solution is confined to the hydro- 
static unit of b. At no point below did it show any tendency to leave this 
unit in order to move toward the source of suction at a. This result is 
interesting because it indicates that the pneumatic units of a stem, being 
relatively more in communication than the corresponding hydrostatic units, 
can transmit a negative tension from one hydrostatic-pneumatic unit to 
another, and as a consequence cause work to be performed in other, perhaps 
distant, hydrostatic units. 

Experiments of the above type were carried out with a number of 
different combinations of ‘‘hook-ups,’’ some of which yielded surprising 
results. An interesting, though simple one, is shown at A in fig. 2. The 
main stem was 7 years old and about 5 em. in diameter. Branch b was 6 
years old, branch a, 5 years and the stub c 2 years old. (The entire branck 
was cut back after the experiment while observing results). Suction was 
applied at a; the entire cut surface of b was placed in a solution of light 
green dye; and c was connected with a solution of trypan blue. After 
suction had acted for 35 minutes, the experiment was stopped and the 
bark removed. It was found that the light green dye had entered at b and 
passed over into a, but only in the hydrostatic unit which branches a and Db 
shared in common. However, in addition, the green dye had streamed 
down the main stem for 44 em. from the junction of the two branches. 
The cross-section of the main stem (now at the bottom of the photograph) 
showed the green color as a semi-circular band outlining the hydrostatic 
unit supplying the adaxial faces of b and a. The trypan blue entered at c, 
but since this shoot was a relatively recent addition to this branch system, 
it possessed only a thin hydrostatic-pneumatic unit which had little or no 
hydrostatic connection with a or b. As a result the dye did not enter 
branch a but streamed down the main stem in its own tortuous (at the 
beginning) and shallow hydrostatic unit for 35 em. running directly 
away from the source of negative tension. 

Another experiment of the same general type as the above will be de- 
scribed. The general situation at the end of the experiment is shown as 
fig 4. It was carried out with an apple branch 8 years old and over three 
meters in length. Suction was applied at a, a branch 5 years old. Five 
mercury manometers, air-connected, to record pneumatic tension, were 
fixed in the main stem as follows: No. 1, directly below a at 27 em; no. 2, 
also directly below at 89 em; no. 3, directly above a at 21 em; no. 4, also 
directly above at 73 em; and no. 5, directly opposite from a and at a 
distance of 110 cm. Then an eosin solution was connected to the three 
year old branch b, situated about 90° around the trunk from a; trypan 
blue solutions were attached to the two-year old branches c and d situated 
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Fig. 4. Showing the arrangement and final result of the last specimen described under 
section IV. 
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at 130° and 143° around the trunk respectively; and finally, light green 
solution was attached to the two-year old branch e, situated approximately 
at 180 ° around from a. 

Suction was started and in less than 10 seconds the Hg in manometer 
no. 3 was drawn into the boring, the negative tension having had to ex- 
ceed 18 em. of Hg to produce this effect. Manometer no. 2 quickly regis- 
tered 14 cm: and no. 1, after a few minutes showed a negative tension of 
8mm. At the same time, no. 4 showed a tension of 12mm. One-half hour 
later no. 5 indicated a trace of negative tension, possibly 2 mm. In the 
meantime the entrance of the dye solutions was being observed. This was 
done by stripping off bark above and below connection points. It was 
noted especially, how, in spite of the fact that manometer no. 5 had not 
yet recorded any negative tension, the dye solution had entered at e, 
located only 17 em. below this latter manometer, and had moved both up- 
ward and downward 3.5 em. and 4.5 em. respectively in 15 minutes. The 
experiment was stopped in one hour and thirty minutes. The extent of 
the movement of the dye solution was as follows: From b the eosin moved 
upward 37 ecm. and downward 18 em.; from c the trypan blue moved up- 
ward 85 em. and downward 12 cm.; from d the same dye moved upward 
48 em. and downward 16 em.; and from e the light green had gone upward 
32 em. (but had been almost completely blocked by the boring for manom- 
eter no. 5), and downward 68 em. 

The results of this experiment indicate how water movements can be 
induced in a number of hydrostatic-pneumatic units simultaneously, by a 
negative tension originating in one of them, and being transmitted to the 
others through the several pneumatic units. 

The responses of the pneumatic manometers in this experiment agree, 
in the main, with the more extensive results recorded by MacDovaat, 
OVERTON and SmitH (3). But it is interesting that water movement is 
initiated in a hydrostatic unit in response to a negative-tension originating 
in a relatively distant one, even though that tension is not strongly indicated 
by means of a pneumatically connected manometer in the vicinity of the 
former. 

It should be mentioned in passing, that the relative location of the hy- 
drostatic and pneumatic systems in each annual ring of the apple tree, 
during December is this: the hydrostatic system occupies the ‘‘early 
spring’’ and ‘‘spring’’ woods, and the pneumatic system the ‘‘late sum- 
mer’’ wood only. Whether or not the pneumatic system encroaches upon 
the other during the summer months has not been determined, but consid- 
ering OVERTON’s (4) findings, it would seem likely. 

V. A model was constructed to illustrate the possible mechanism by 
which a hydrostatic and a pneumatic unif in the plant interact. A model 
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of the sort is shown in fig. 5. It is extremely simple and can be assembled 
in any laboratory within a few minutes. The glass tubing used has an 
outside diameter of about 7 mm. That portion of the model indicated by 
eross-hatching is tightly filled with white sand of 20-40 mesh, and kept in 
plaee by cotton plugs. Tube A is connected to an aspirator for suction, 
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Fie. 5. A mechanical ‘‘hydrostatic-pneumatie unit.’’ 


D is connected to a short glass tube having a right angle bend so that it 
ean be transferred at will from a beaker of distilled water to one of dye 
solution or vice versa, and E is connected with a distilled water supply. 
To make the demonstrations, close clamp no. 2, open clamps nos. 1 and 3. 
After E and D are connected to their water supplies, start aspirator. 
When section B has thoroughly filled with water, it represents an hydro- 
static unit of a branch and a cut-off side branch, through which a dye solu- 
tion is to be drawn. C of course represents the corresponding pneumatic 
unit, but at the first stage of the demonstration it is prohibited from act- 
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ing by the closure of clamp no. 2. Now with aspirator still on, close clamp 
no. 3 and place D in a dye solution. When clamp no. 3 is reopened the 
dye solution will now enter into the ‘‘main branch,’’ and will, if the nega- 
tive pressure is kept constant, stream toward A only. Next open clamp 
no. 2, thus bringing the pneumatic unit into action. -At once the dye solu- 
tion will commence to stream ‘‘upward’’ through B also and will continue 
until it reaches the end of the tube. The behavior of the dye solution in 
the model resembles so much what one sees while performing the type of 
experiment recorded in section I, that it is difficult to refrain from judging 
the two mechanisms essentially the same. However, within a plant, the 
negative tension would be transferred from the pneumatic to the hydro- 
static unit at numerous points, if not almost continuously, along the path. 
It may be also suggested that if a number of such models, or mechanical 
hydrostatic-pneumatie units, should be connected through their ‘‘pneu- 
matie systems,’’ each one would perform the same work when a negative 
tension is applied to any one of them. The interaction of this multiple 
system might be compared to what goes on in the several hydrostatic- 
pneumatic units of a stem. Yet the comparison is not entirely fair, on 
account of the obviously greater resistance between pneumatic units in a 
stem, and the loss of tension from air entering through lenticels. 

In this paper there has been enough ‘‘discussion’’ in the introductory 
paragraphs and during the description of experiments, to leave little more 
desirable. It remains to say, however, that the significance, if any, of the 
results reported herewith, lies in the possibility of a functional relation 
between the hydrostatic and pneumatic systems in plants affecting water 
movements. How important the function really is under natural condi- 
tions, while transpiration is active, this paper offers no evidence. Never- 
theless, the seeming fact that there is a mechanism which permits a nega- 
tive tension in one hydrostatic-pneumatic unit of a stem to be propagated 
relatively quickly to other units, and in them to cause work to be done 
(t.e., movement of water), is worthy of consideration. Whenever caleula- 
tions are made as to the total energy required to move a given quantity 
of water through a given length of stem in a given time, the recognized 
high hydrostatic resistance of the xylem is always taken into account. The 
resulting figures are frequently very large. Is it not possible that a more 
facile transmission of energy through the pneumatic units, and the conse- 
quent application of this energy all along the hydrostatic path, might lower 
the value of the previously calculated total energy requirements for the 
rise of the transpiration stream? 

OREGON AGRICULTURAL EXPERIMENT STATION, 

CORVALLIS, OREGON. 


+To clean apparatus close clamp no. 2, open clamp no. 3, and transfer D back to 
the water supply, leaving suction on. 
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EXTERNAL POLARITY POTENTIALS IN THE APEX OF THE 
DOUGLAS FIR BEFORE AND AFTER MECHANICAL 
STIMULATION 


E.J. LUND 


(WITH FOUR FIGURES) 


Introduction 


In previous work on the electric polarity in the Douglas fir Lunn (1, 
2, 3) attention was limited to the phenomena occurring in the main axis 
and lateral branches of the tree. The measurements of P. D. which in- 
cidentally were made upon the apex of the main stem and the first apical 
whorl of lateral branches showed a small or at times even a reversed polarity 
Lunp (2, tables 1 and 2). Since most of these measurements were neces- 
sarily made out of doors under conditions which involved mechanical 
stimulation of the tips by slight wind movements, and also involved a 
method of taking readings of the P. D.’s by gently bending the tips of the 
apex and branches into cups, it seemed desirable to make a separate study 
of the electric polarity of the extreme apical region of the main axis and 
lateral branches under more uniform laboratory conditions. 

The present measurements were made upon actively growing freshly cut 
tips whose cut ends were immersed in water. Electrode contacts were made 
as usual with narrow strips of loose cotton, carefully placed around the 
axis between the leaves, and saturated with tap water. Frequent washing 
of the electrode contacts and measurements of the electrodes showed that 
the electrodes and contacts never varied more than one millivolt during the 
readings. This fact should be remembered when considering the curves of 
figures 1, 2, 3, and 4 presented here. All measurements were made with 
the potentiometer and consequently we are not concerned with possible 
variations in electrical resistance. 

Many tips of lateral branches and main axes were studied with care, but 
all gave the same type of result. In view of this fact the details of only 
two typical experiments will be given, one upon the apex of a lateral branch 
and the other one on the apex of the main stem. 


External polarity potentials in the apex of a lateral branch 


A lateral branch from the lower middle region of a ten year old tree 
was cut 49.0 centimeters from the apex of the branch. The branch was set 
up in its original horizontal position. Electrode contacts were made at 
A, B, C, D, E, and F as indicated in the diagram of figure 1. The lengths 
of the segments AD, BD, CD, DE, EF, and FG were 32.5 em., 20.0 em., 
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Fie. 1. The diagram at the top of the figure represents the end of a lateral branch. 
A, B, C, D, E, and F are the points at which the electrode contacts were made. G is 
a cup contact filled with tap water and inserted into the pith of the stem. The actual 
lengths of the segments AD, BD, CD, DE, EF, FG were respectively 32.5 em., 20.0 
em., 19 em., 6.5 em., 7.8 em., and 2.5 em. Potential differences between the external con- 
tacts were made at the times indicated on the abscissa. The preparation was mechanic- 
ally undisturbed during the experiment. Curve AF shows the magnitude of the P.D. 
between contacts A and F during the experiment. Calculation shows the ordinates of 
AF to be equal to the sum of the ordinates of the curves AD, DE and EF. Note that 
the polarity of AD is greater than BD and CD. Also note that the absolute amounts 
of the variations of electric polarity in AD, CD and BD are greater than the variations 
of DE or EF. The room temperature is indicated by the curve at the top. 
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19.0 em., 6.5 em., 7.8 em., 2.5 em., respectively. The diameter of the stem at 
the cut end was 7 mm. A bent glass funnel, G, filled with tap water was 
inserted to a distance of 5 mm. into the pith at the basal end of the stem. 
This served as an electrode contact for measurements of radial potentials. 

The cut branch was taken to the laboratory and set up at 9:00 A.M. It 
was left without mechanical disturbance throughout the period of the 
experiment. The first measurements were taken at 3:45 P. M. the same 
day and thereafter at intervals as indicated on the abscissa in figure 1. The 
range of variation of room temperature is given by the upper broken curve. 
The external P. D. between A and F during the experiment, which lasted 
twenty-eight hours is given by the curve AF. The P. D. between the con- 
tacts at A, and at D is given by curve AD. The curves CD, BD, DE, EF 
similarly give the magnitudes and variations of the external P. D. between 
the corresponding contacts. 

Inspection of the curves shows that the electric polarity of the main apex 
AD is at all times greater than that of CD or BD, except at the last reading 
when the polarities of BD, and AD are practically equal. The polarity of 
BD, is always greater than that of CD. Experiments on other lateral 
branches gave similar results. We may therefore conclude that the greater 
electric polarity of the main axis is a general characteristic of the main axis 
and corresponds in part to its greater length and dominance in growth. 

One of the interesting facts about the curves is that the absolute range 
of variation of the P. D. is very large and greatest in the apexes AD, BD, 
and CD. This fact has already been shown in a more convincing manner 
by experiments on the main axis of the whole tree. See Lunn (1), curves 
in figures 8 and 9, pp. 14-15. 

From these observations we conclude that the range of variation of 
the external electric polarity of a branch or of the main axis of the tree 
increases even up to the extreme apical end. However, since the apex of 
the main axis of a normal tree is, under ordinary conditions, always electro- 
positive to apexes of all lateral branches, Lunp (2), the apex of the main 
stem shows the greatest range of variation in electric polarity. This fact 
obviously corresponds in some way to the fact of its dominance in growth 
and range of variation in rate of growth. The interesting problem of this 
intimate relation of the mechanism of electric polarity to dominance in 
growth we shall consider in a later paper when a sufficient number of 
other essential preliminary facts have been presented. 

Curve AF is the observed P. D. between contacts A and F. Caleula- 
tions show that each measurement of P. D. between the contacts A and F 
is equal to the sums of the P. D.’s between A and D, D and E, and E and F 
if taken at the same time. This is another illustration of what the writer 
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has called the ‘‘principle of summation of E. M. F.’s’’ along the main axis. 
A critical examination of all the facts which establish the validity of this 
principle will be presented in a later paper because of its evident impor- 
tance for the phenomena of cell correlation. 

The measurements of P. D. between contacts G and F, taken at the same 
times as those represented by the curves in figure 1 were small and showed 
that F was electronegative to G, the center of the stem, during the first 
part of the experiment. This orientation is in agreement with all previous 
observations on the radial potentials in the Douglas fir. The observed 
maximum P. D. was 7.5 millivolts. However, in the latter half of the 
period the P. D. decreased and became inverted, amounting finally to the 
small value of 3.5 millivolts. 

It is of course very probable that cells near, and at some distance from, 
the cut end were injured and therefore the radial polarity between G and 
F became modified. It is of interest to note that all the measurements of 
P. D. between G and the contacts E, D, C, B, A increased successively from 
E to A. In all these measurements G was always electronegative to the 
other points in the external cireuit. The curves for these measurements 
are not given because they bear upon a different problem, namely the in- 
ternal distribution of the correlation potentials in the stem and apex. A 
paper to be presented later deals with this question. 


External polarity potentials in the apex of the main stem 


1. RELATIVE MAGNITUDES OF THE POLARITY POTENTIALS IN THE APEX BEFORE 
STIMULATION 


The apex including the first whorl of a ten year old Douglas fir, was 
cut off 87 centimeters from the apex and removed to the laboratory. The 
preparation was placed in an erect position with the basal end immersed 
in a dish of water. Electrode contacts were attached at the points A, 
X, Y, Z, and O as indicated in the diagram at the bottom of figure 2. 
Measurements of the polarity of the segments OZ, ZY, YX, and XA were 
made at intervals during a period of 27 hours. The typical curves of the 
electric polarity at three different times during this period are given by 
curves 1, 2 and 8 in figure 2. Every precaution was taken to prevent the 
least mechanical disturbance of the preparation during the total 27-hour 
period when the measurements were taken. The variations in the polarity 
shown by the curves are therefore not due to mechanical effects, but prob- 
ably due to temperature variations in the tissues and in the room. How- 
ever, the latter only varied between 18.9° C. and 19.° C. during the mea- 
surements. See temperature curve in figure 3. 

The significant fact shown by the curves is that in the unstimulated 
condition of the apical segment the local electric potentials increase quite 





LUND: EXTERNAL POLARITY POTENTIALS 


-LIVOLTS 





j 
T2 


hu Ly 
X A 

Fie. 2. The curves show the progressive increase in electric potential in the apical 
region of the main axis of a Douglas fir. (Same preparation as that used for curves in 
figure 3). The diagram of the main axis at the bottom is drawn to scale. The lengths 
of the segments OZ, ZY, YX and XA are respectively 12 cm., 17 em., 21 em., and 21 em. 
The P.D.’s between the contacts are given in the curves. The electric polarities in the 
absence of mechanical disturbance varies from time to time as illustrated by the slopes 
of the three curves. These curves should be interpreted in connection with the curves 
in figure 3. 


























512 PLANT PHYSIOLOGY 


regularly to a maximum at the growing point. We conclude therefore 
that the orientation of the electric polarity of the main part of a normal 
stem as fully described elsewhere, continues to the extreme apical growing 
point at the apex. The same statement applies to actively growing lateral 
branches. In the following paper we shall develop the significance of the 
above facts for the problem of internal distribution of the correlation poten- 
tials in the tree. 

During the 27-hour period of the above experiment, other measurements 
were made of the external polarities in this same preparation. The times 
of the measurements are given on the abscissa in figure 3. Contacts were 
also made at the beginning of the period at the apexes A, B, C; D, E and 
F and the base Z of the lateral shoots of the first whorl. These contacts 
permitted a determination of (1) the magnitude of the electric polarities 
of the individual segments AZ, BZ, CZ, DZ, EZ, and FZ, and (2) the 
difference between the polarities of AZ and each one of the lateral shoots 
BZ, CZ, DZ, ete., under conditions of practical absence of mechanical dis- 
turbance in the system. These measurements of polarity are given by the 
curves in figure 3. The temperature of the room during the period is indi- 
eated by the corresponding curve in the figure. 

The outstanding fact which is shown by the curves is that the electric 
polarity of AZ is always much greater than that of BZ, CZ, DZ, EZ, and 
FZ. Consequently the apex A is always electropositive to all the other 
tips B, C, D, E, and F. The lateral shoot DZ, consistently showed the 
largest polarity among the lateral shoots in spite of the fact that its length 
was less than that of CZ and EZ. Obviously the magnitude of electric 
polarity in the unstimulated condition is not strictly proportional to length 
of the tips even at the apex of the tree. The end of curves BZ and FZ 
illustrate the fact that without apparent mechanical stimulation from an 
external source the polarity of the apex of a branch may become inverted. 
The conditions which determine such ‘‘spontaneous’’ variation in polarity 
are at present unknown and will be considered at a later time. That the 
inverted polarity of the lateral shoot BZ and FZ during the evening read- 
ings at 5 P. M. and 8:30 P. M. was not a permanent condition, is shown 
by the fact that these shoots as well as all the others exhibited a normal 
orientation of polarity at 8:00 A. M. the following morning. 

It may be that the diurnal rhythm in polarity which occurs outdoors 
and which, as has been shown, is mainly correlated with the diurnal varia- 
tion in outdoor temperature, persists to some extent in the apex even when 
room temperatures are relatively constant. A thorough investigation of 
this interesting question will be undertaken at a later time. At present we 
are only concerned with the fact that during apparent absence of mechani- 
eal stimulus, the main apex is always electropositive to the apexes of the 
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Fig. 3. Curves showing the magnitude and variation of the electric polarities in 
the growing lateral shoots of the first whorl and the distal shoot AZ of the main axis, 
in the absence of mechanical disturbance and with a variation of room temperature as 
shown by the curve-temp. The lengths of AZ, BZ, CZ DZ, EZ and FZ were respectively 
63.0 em., 30.0 em., 35.5 em., 31.5 em., 35.0 cm., and 30.0 em. Note that the electric 
polarity of AZ is the greatest, corresponding to its greater length and dominance in 
growth. The apex A was therefore electropositive to the apexes B, C, D, E and F, 
throughout the period of over 27 hours during which the preparation was mechanically 
undisturbed. Compare these curves of polarity with that in the main axis as shown in 
figure 2. 
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lateral shoots of the first whorl, and that this relation is maintained to a 
variable extent at least over long periods of time if not permanently. The 
results of many other experiments, which for the sake of economy of space 
cannot be reported, confirm this general statement. 


2. INCREASE, DECREASE, AND INVERSION OF THE NORMAL ELECTRIC POLARITY 
OF THE APEX BY MEANS OF A MECHANICAL STIMULUS 


The results of the foregoing experiments constitute a background of 
facts for a comparison with the phenomena which result when the growing 
apex is stimulated mechanically. At 8:00 A. M. the next morning after 
the last reading in figure 3 was taken, another set of measurements of the 
polarities of AZ, BZ, CZ, DZ, EZ and FZ was taken. The orientation was 
normal in all of them and the polarity of AZ was as usual the greatest. 
Immediately after this set of measurements another set of readings were 
taken of the P.D. between A and B, A and C, A and D, A and E, and A 
and F. They showed of course what was to be expected, that the main 
apex A was electropositive to each one of the apexes B, C, D, E and F. 
This fact is shown in the first set of readings in the curves of figure 4. At 
8:45 A. M. each one of the tips of the lateral shoots was stimulated by a 
gentle stroke with a pencil. The P.D.’s between A and these tips were then 
immediately determined. The immediate rise in P.D.’s is shown by the 
curves in figure 4. The curves show that the lateral tips return to their 
former relatively more electropositive condition than that which they 
showed immediately after stimulation. At 10:30 A. M. the same day the 
relative polarities had returned approximately to the normal. At 10:32 
A. M. the main apex A was stimulated by a gentle blow with a pencil. The 
curves show that the apex A became electronegative to the tips of the lat- 
eral shoots. The recovery of its original polarity is shown by the remain- 
ing parts of the curves, readings for which were continued for nearly three 
hours after application of the stimulus to A. It is evident that mechani- 
eal stimulation lowers the electric potential in the region stimulated. With 
this old and familiar result, in all sorts of irritable tissues we have of course 
long been acquainted. But the important fact which is brought out by the 
above simple experiment is, that the mechanism which operates to produce 
a continuously maintained but fluctuating electric polarity is in all prob- 
ability the same fundamental mechanism which is altered by mechanical 
energy applied to it in the process of stimulation. To clearly illustrate this 
linkage in the Douglas fir between continuously maintained electric polar- 
ity and the mechanism of irritability is one of the objects of this paper. 
Similar relations have previously been observed by the writer and MarsH 
(5) in roots. 
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Fic. 4. The curves illustrate the effect of a mechanical stimulus applied to each 
one of the apexes B, C, D, E, and F of the lateral shoots, on the P.D.’s between these 
apexes and the unstimulated main apex A. When recovery from the stimulus of the 
apexes of the lateral shoots has occurred, stimulation of the apex A causes a decrease in 
its polarity so great that the apexes B, C, D, E and F become electropositive to A. The 
electric polarity of AZ may be temporarily inverted by such a stimulus. Inspection of 
the first part of the curve shows that the electric polarities of the lateral shoots may 
also be temporarily inverted by a mechanical stimulus. Recovery of normal orientation 
of polarities and return to electric ‘‘dominance’’ by A is shown by the last parts of the 

curves, for A again becomes electropositive to B, C, D, E and F. 








If the oxidation-reduction theory of the mechanism of electric polarity 
and internal correlation currents in polar structures as developed by the 
writer (4) applies to the Douglas fir in the same way as it has been shown 
to apply to the onion root, Obelia stem, ete., then we are at once given the 
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interesting opportunity of showing how the flux equilibrium in cell oxida- 
tion is altered in the process of stimulation. The effect of stimulation upon 
the flux equilibrium in the oxidation system of the cell and its relation to 
electric polarity of the cell was briefly pointed out in an earlier paper by 
the writer, Lunp (4, pp. 279-280). The most recent evidence which indi- 
cates the relation between cell oxidation and the nerve impulse is of inter- 
est in this connection, e.g., ScHMiTT (6). 

The decrease and reversal of electric polarity of growing points by 
mechanical stimuli also raises interesting questions as to the réle of me- 
chanical stimulation and electric polarity in the development of form of 
plants and animals. For example, it may often be observed in the forests 
of the Northwest that two Douglas firs whose axes grow close to one another 
often form an apparently single symmetrical tree in respect to external form. 
The above experiments suggest the possibility that mechanical contacts of 
adjacent growing points bring about a mutual decrease in electric polarity 
of the stimulated points and consequently a decrease or even inhibition of 
apical growth. 

Summary 


1. In the normal unstimulated condition of the Douglas fir, Tsuga 
pseudotsuga, the main apex of a lateral branch maintains an electroposi- 
tive condition to all points on the branch below it. The main apex is also 
electropositive in the external circuit, to each one of the apexes of the first 
pair of lateral shoots. The electropositive condition of the main apex cor- 
responds to its dominance in growth. 

2. The usual range of variation in electric polarity in the unstimulated 
apex under laboratory conditions, is greater than in more basal parts of 
the lateral branch. 

3. The electric polarity previously described, in lower parts of the main 
axis has been found to continue as a regular increase in electropositive con- 
dition up to the growing point of the axis of the stem. 

4. The apex of the main axis in the unstimulated condition is always 
electropositive to the apexes of the shoots of the first whorl. This corre- 
sponds to the dominance in growth by the main apex. 

5. Spontaneous variations in electric polarity similar to those occurring 
in roots, occur in all apical growing points of the Douglas fir. The causes 
of these variations are not at present known. 

6. A mechanical stimulus applied to any apex decreases or reverses 
temporarily its electric polarity. In this manner the P.D. between the 
main apex and that of any lateral shoot of the first whorl may be (1) in- 
creased, (2) decreased or (3) reversed. 
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7. Since the electropositive condition of an apex is undoubtedly related 
in part to the physico-chemical process of growth within the apex, it is sug- 
gested that mechanical stimulation in nature may alter dominance in the 
growth processes in a corresponding manner to that by which it alters the 
electric properties of the growing point. 

8. The preliminary simple experiments in the present paper suggest 
that the physico-chemical mechanism of maintained electric polarity is the 
same as, or at least is a mechanism which is linked with, the mechanism of 
irritability of the living cells. This same conclusion also follows from pre- 
vious work in this laboratory on the electric polarity in roots. 
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SEASONAL CHANGES IN TOTAL, SOLUBLE, SOLUBLE-PROTEIN, 
NON-PROTEIN, AND INSOLUBLE NITROGEN IN CURRENT 
YEAR’S SHOOTS OF BARTLETT PEAR 


A. S. MuLay 


(WITH TWO FIGURES) 


Not only are proteins very closely connected with the phenomena of 
life, but unlike other essential constituents of the living cell, they are in all 
probability characteristic of the animal or plant species in which they are 
found. The physical properties of the proteins apparently adapt them to 
the performance of functions essential to the activities of life. Notwith- 
standing this unique position which these nitrogenous compounds occupy 
in the plant metabolism, but little is known as to the part they play in the 
metabolic cycle of the higher plants. 

Owing to the difficulties involved in separation and dieuhitientine of 
various nitrogenous compounds, earlier investigators could not proceed 
much beyond the determination of total nitrogen in their material. Re- 
cent advances in protein chemistry have made a further study of these 
nitrogenous compounds possible. OsBorNE’s work on proteins in spinach 
leaves (7) closely followed by a series of papers by CHIBNALL on proteins 
in leaves of various annuals, including studies on runner bean leaves (3), 
stimulated interest in the study of nitrogen metabolism of the higher plants 
by nitrogen fractionation methods. THomas (8) was the first to undertake 
a rather complete nitrogen fractionation of woody tissue like apple twigs. 

This work was undertaken to determine the seasonal variations in the 
nitrogenous compounds in the bark and the wood of the current year’s 
growth in Bartlett pear trees. This paper deals with fractionation of total 
nitrogen into water-soluble and insoluble nitrogen and further division of 
water-soluble into soluble protein and non-protein nitrogen. Fractionation 
of soluble non-protein and insoluble nitrogen will be taken up in later 
papers. 

Material 


The samples were taken from twelve 6-year-old Bartlett pear trees 
grown at the University Farm, Davis, California. These trees were fairly 
uniform and may be considered as representative trees for their age on a 
well-managed farm in that locality. 

Samples were collected at intervals of approximately one month from 
September 1927 to January 10, 1929. A representative sample of four to 
five current year’s shoots was collected from each tree, giving a composite 
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sample of 50-60 shoots. This number, as shown in a previous paper (6), 
will give results which are fairly representative of the whole group. The 
total length of the shoots was included in the sample. The dates of collec- 
tion together with the dry weight of the samples, wood to bark ratio, dry 
weight as percentage of net weight, and percentage of dry weight extracted 
with water, are given in table I. 


TABLE I 


COLLECTION DATA SEPTEMBER, 1927-JANUARY, 1929 
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Though an effort was made to collect representative samples, the pro- 
portion of weak shoots on the tree increased after each collection, due to 
the natural tendency to take larger shoots. As a result 1928 shoot growth 
was not as vigorous as it would have been otherwise. Comparison of the 
wood to bark ratios (table I) for corresponding dates, in 1927 and 1928 
brings out the fact that the 1928 wood was not as well developed as that 
in 1927. This will probably explain the differences in the results in these 
two years. 

As a rule collections were made in the forenoon, the shoots cut into suit- 
able lengths, put into tight metal cans, and carried to Berkeley without 
delay. The samples were immediately weighed, separated into bark and 
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wood, and dried in a ventilated oven at 55° C. The samples were generally 
in the oven within 12-14 hours, and at the latest within 24 hours, from the 
time they were picked and were oven-dry within the next 12 hours. 
Changes in the nitrogen distribution due to proteolytic activity during this 
time are negligible as shown by LincoLn and Muntay (5). The dried sam- 


ples were ground first in a Wiley mill and then in a ball mill until they 
were reduced to 100 mesh size. The samples thus dried and powdered were 


preserved at room temperature in screw top glass jars. 


Methods of analysis 


Total nitrogen (T. N.).—As it was not possible to demonstrate the pres- 
ence of nitrates in the material used, all nitrogen determinations were made 
by the simple Gunning method for the determination of total nitrogen as 
described in the Official Methods of the A. O. A. C. (1). Nitrogen deter- 
mined on an oven-dry sample, prepared as described before, gives total 
nitrogen in the sample. 

The total nitrogen in the sample was divided into two parts, soluble and 
insoluble, by extracting the sample with water. The soluble nitrogen in its 
turn was again divided into protein and non-protein portions by colloidal 
iron precipitation. 

Extraction.—Three 20-gram portions of an oven-dried sample were each 
mixed with 200 ce. of cold. water in 500-cc. Erlenmeyer flasks and agitated 
for two hours with a mechanical stirrer. Extraction with cold water at 
room temperature was preferred to extraction with water at 40° C. (9) as 
it is less removed from the temperature conditions in the living tree. The 
resulting mixture was centrifuged and the supernatant liquid decanted 
into a container. The residue was suspended in about 50 ee. of water, 
centrifuged, and the washings added to the extract, the process being re- 
peated three times. The extracts and washings from the three portions 
were combined and made up to 1,000 ec. This procedure gave very com- 
plete extraction of the water soluble portion. 

Soluble nitrogen.—Total soluble nitrogen was calculated from the total 
nitrogen determination on an aliquot of the extract. 

Soluble protein nitrogen.—Soluble proteins were precipitated from the 
remainder of the extract by colloidal ferric hydroxide as described by 
Tuomas (8) with the difference that the extracts were brought to pH 4 for 
reasons discussed elsewhere (5). This divides the soluble nitrogen into 
two parts, non-protein in the filtrate, and protein in the precipitate. The 
precipitate was separated from the filtrate by centrifuging and decanting, 
washed three times with water and then discarded. The washings and fil- 
trate were combined and made up to 1,000 ee. The soluble proteins were 
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determined by the difference between nitrogen determinations before and 
after the precipitation of the proteins. 

Non-protein nitrogen.—Nitrogen determination on an aliquot of the fil- 
trate gives the value for non-protein nitrogen. 

Insoluble nitrogen.—The residue remaining after water extraction was 
dried, weighed and ground to a fine powder. Nitrogen determination on 
a portion of this residue gives values for insoluble nitrogen. 

Protein nitrogen (P. N.).—Insoluble nitrogen plus soluble-protein 
nitrogen is taken as the measure of protein nitrogen. 

Proteins.—Protein nitrogen x 6.25. 

All determinations were run in duplicate except those on total, insolu- 


ble, and amino nitrogen, which were run in triplicate. In all eases 
the duplicates were within 3 per cent. of the mean and within 5 per cent. 


of each other. However, the majority of the duplicates were within one 
per cent. of each other. Accuracy of the methods was further tested by 
comparing the caleulated values for insoluble nitrogen with those obtained 
by actual determinations. It was found that all the actual values but one 
were within 5 per cent. of the calculated values, the majority of them being 
within 3 per cent. 

Results 


Tables II and III show seasonal changes in total, soluble, soluble- 
protein, non-protein, and total protein nitrogen fractions in bark and 
wood respectively. The same results are graphically represented in fig- 
ures 1 and 2. 

Discussion 
TOTAL NITROGEN 


Total nitrogen in the bark (fig. 1) fluctuates between 0.7 and 1.1 per 
cent. of the dry weight of the bark. Shoots of 1927 begin to increase in 
nitrogen at the end of October and reach their peak, 1.1 per cent., in De- 
cember. They remain at this level until February and begin a sharp fall 
in March when new shoots begin to grow. The activities of new growth 
make a great demand on nitrogen reserve of the 1927 shoots. As a result 
total nitrogen in the bark of the 1927 shoots falls very rapidly to 0.7 per 
cent. in May, 1.e., after two months of growth of the 1928 shoots. Shoots 
of 1928 have a high nitrogen level in May, which falls during the period of 
active growth, most probably because it cannot keep pace with the increase 
in complex carbohydrates like cellulose, and lignin. It is at its lowest level, 
0.77 per cent., about August, the end of the active growing period, then it 
increases until November and remains at this level the rest of the season. 

Total nitrogen in the wood, except in very young wood where it reaches 
as high as 1.1 per cent. (fig. 2), varies from 0.4 to 0.7 per cent. of the dry 
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Fic. 1. Seasonal changes in total nitrogen of the bark of the Bartlett pear shoots. 
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Seasonal changes in total nitrogen of the wood of Bartlett pear shoots. 
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weight. This is only about 60 per cent. of that in the bark. The seasonal 
changes in the total nitrogen in the wood do not look as marked as those 
in the bark (fig. 1), when absolute amounts are compared but on a per- 
centage basis the magnitude of the changes is just about the same in both 
eases. In the 1927 shoot wood there is a rise in total nitrogen from 0.45 
per cent. in October to 0.62 per cent. in March, and then a pronounced drop 
in April which is probably due to translocation of these substances to 
actively growing 1928 shoots. Nitrogen of shoot wood of 1928, amounting 
to 1.0 per cent. in May, falls sharply in June and then changes but little 
throughout the season except for a gradual drop from October to January. 
Shoots of 1928 are much higher in total nitrogen as compared with those 
of 1927. This is believed to be due to delay in wood fibre formation in 
1928 shoots, because of their slower growth, reasons for which are discussed 
under material. 

Hooker (4), working with apple spurs, BuTLER, SMITH and Curry (2), 
and Tuomas (9), working with one-year-old apple branches, find similar 
fluctuations in total nitrogen in their material, though none of them sepa- 
rated bark from wood. 

Total nitrogen shows a steady rise in both bark and wood of 1927 shoots 
from October to December. The bark nitrogen shows a rapid fall in Feb- 
ruary, March, and April, when flowers and leaves unfold and new shoots 


make rapid growth. The wood nitrogen falls sharply only in March and 
April. The bark of 1928 shoots has 1.0 per cent. nitrogen in May which 
falls off to 0.76 per cent. during the period of rapid growth and then fol- 
lows the same trend as 1927 bark, except that the rise starts in August. 
Wood of 1928 falls from 1.1 to 0.68 per cent. in the course of a month of 
rapid growth from May to June and then fluctuates but little until it falls 
to 0.62 per cent. in January. 


SOLUBLE NITROGEN 


TOTAL SOLUBLE NITROGEN.—The soluble nitrogen in bark constitutes 
about 20 to 30 per cent. of the total nitrogen (fig. 1). In shoots of 1927 
it shows the same trend as total nitrogen in bark in as much as both rise 
from October to December and both fall when new shoots begin to grow. 
However, it shows two maxima, one in December and the other in March. 
In December insoluble nitrogen seems to increase at the cost of soluble. 
Judging from the slopes of the curves for total, soluble, and insoluble 
nitrogen between February and March, the rate of proteolysis is much 
faster than the rate of transport at this time and there is a temporary 
accumulation of soluble nitrogen which gives it its second maximum. 
Beginning in the latter part of March when leaves have started to open, 
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the rate of transport presumably exceeds the rate of proteolysis and there 
is a rapid fall in both soluble and insoluble nitrogen. In shoots of 1928 
soluble nitrogen shows a rise until October then a sharp drop in November 
and a rise again in January. 

Soluble nitrogen in wood (fig. 2), which constitutes about 50 per cent. 
of the total nitrogen, follows the same trend as total nitrogen. Wood of 
1927 shows a small rise from 0.2 per cent. in October to 0.28 per cent. in 
January, a small drop in February, to 0.23 per cent. followed by a marked 
rise to 0.32 per cent. in March and then a sharp drop to 0.17 per cent. in 
April and 0.13 per cent. in May. Wood of 1928 shows a marked rise from 
0.26 per cent. in June to 0.36 per cent. in July, then a slow rise to 0.4 per 
cent. in October and a drop to 0.33 per cent. in January. 

Soluble nitrogen both in bark and in wood shows a rise in autumn and 
early winter and a rapid fall in spring when new shoots start their growth. 
It constitutes about 20 per cent. of the total nitrogen in the bark and about 
50 per cent. of that in the wood. On a dry weight basis it is about 0.2 
per cent. in the bark and varies between 0.15 and 0.4 per cent. in the wood. 

SOLUBLE PROTEIN NITROGEN.—In bark the soluble-protein fraction 
(fig. 1) forms about 6 to 12 per cent. of the total nitrogen and about 0.05 
to 0.1 per cent. of the dry weight. In the bark of 1928 it starts at a low 
level in June, increases steadily during growth until October, drops sharply 
in November, and rises again in January. The sharp drop in November, 
1928, may be due to some unknown factor which prevented the extraction 
of the soluble protein (5). In the shoots of 1927 it fluctuates but little 
except for a sharp rise in October and a sharp drop in April. The sharp 
rise from September to October is similar to that between November and 
January in 1928, and may have some significance though the time of its 
oceurrence is shifted by two months. In wood soluble protein forms about 
8 to 9 per cent. of the total nitrogen and about 0.04 to 0.06 per cent. of the 
total dry weight. In the wood of 1927 soluble proteins fall in January and 
February, rise in March, and fall again till May (Fig. 2). In the wood of 
1928 soluble proteins show very little change. 

NON-PROTEIN NITROGEN.—Total non-protein nitrogen in both bark and 
wood shows, with the exception of the bark of the 1928 shoots, the same 
seasonal fluctuations as soluble nitrogen (figs. 1 and 2). It forms about 
50 to 90 per cent. of the soluble nitrogen in the bark and 90 to 95 per cent. 
of it in the wood. 


INSOLUBLE NITROGEN 
In bark, insoluble nitrogen constitutes about three-fourths of the total 


nitrogen and all the changes in total nitrogen seem to be mostly due to the 
changes in this fraction (fig. 1). In wood, insoluble nitrogen accounts for 
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about half of the total nitrogen and unlike in bark has no marked effect 
on total nitrogen fluctuations (fig. 2) which correspond closely to the 
changes in soluble nitrogen. 

Summary 


Seasonal fluctuations in total and soluble nitrogen and its fractions in 
bark and wood are summarized in table IV. 


TABLE IV 


SEASONAL FLUCTUATIONS IN NITROGEN SUMMARIZED 











SOLUBLE N AS PERCENTAGE 
or T. N. 





AS PERCENTAGE OF DRY WEIGHT 








SOLUBLE NITROGEN 
TOTAL — 
N 


Non- 
PROTEIN 





Non- PROTEIN 


PROTEIN 
PROTEIN — 


TOTAL 








per cent. | percent. | percent. | percent. | percent. | percent. | per cent. 
0.8-1.1 | 0.18-0.22 | 0.1-0.15 | 0.05-0.1 20-25 15-20 5-10 




















0.5-0.7 | 0.25-0.35 | 0.2-0.3 0.04-0.06 | 40-50 35-45 4-8 








New growth starts with high total nitrogen in the bark which falls as 
the growth proceeds. After the slowing down of growth the total nitrogen 
inereases, reaches a maximum in winter, and falls again when new buds 
begin to open and draw on the reserves in these shoots. Insoluble nitrogen 
is mainly affected in these seasonal changes. 

The total nitrogen in the wood shows changes somewhat similar to those 
in the bark. However, unlike bark, changes in soluble nitrogen are mainly 
responsible for the seasonal! fluctuations in wood. 

Soluble proteins, which form only a small fraction of the total nitrogen, 
both in the bark and in the wood, show an increase in late summer and 
autumn, and a fall in later winter and spring. 


UNIVERSITY OF CALIFORNIA, 
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STUDIES ON PARENCHYMATOUS AND VASCULAR PLANT 
TISSUES, SOME ANALYTICAL AND SPECIFIC 
GRAVITY DATA’ 


FLORENCE E. HOOPER 


Introduction 


Recent work on the industrial utilization of agricultural wastes has in- 
cluded a study of methods available for the possible utilization of corn- 
stalks. Such material differs from wood, which consists mainly of xylem, 
in the presence of an appreciable amount of parenchyma. Most of the 
weight of the mature stalk is due to cell wall material. The marked dif- 
ference in properties exhibited by the parenchymatous and vascular tissues 
of the mature cornstalk indicates that it may be desirable to utilize these 
tissues for different purposes or to subject them to different treatments. 
The selection of the most efficient method for the utilization of these tissues 
will depend on a more complete knowledge of them. In view of these facts, 
a comparison of the cell wall materials of parenchymatous and vascular 
tissues is of practical as well as of botanical interest. 

If the epidermal layer is disregarded, the entire stalk may be said to 
consist of parenchymatous and vascular tissues. The pith or fundamental 
parenchyma is a simple tissue, composed of large, isodiametric, thin walled 
eells. The vascular material, on the other hand, includes two complex tis- 
sues, phloem and xylem, and two simple tissues, sclerenchyma and paren- 
chyma. The sclerenchyma, which consists of heavy walled cylindrical cells 
with diameters many times less than the diameter of the average pith cell, 
is structurally similar to the tracheids, the most abundant of the xylem 
cells. For this reason, the term xylem will be used to include all cells of 
this type. Since the parenchyma and phloem constitute only a small part 
of the total weight of the vascular tissue, the properties of this material 
may be regarded as essentially due to xylem. 

According to the generally accepted view, the cell walls of parenchyma 
and xylem of a given plant are chemically different. This conception is 
based on the results of microchemical tests and staining reactions. Such 
methods have the disadvantage of being entirely non-quantitative. 
Furthermore, recent work has questioned the reliability of such methods 
(3, 5). 

Various macrochemical methods have been developed for the estimation 
of cell wall constituents. Most of these methods are based on the assump- 


1 Contribution from the Chemistry Department of Iowa State College. 
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tion that certain solvents, such as acids, alkalies, ete., have a selective action 
on the constituents of the wall. Actually, it seems unlikely that these 
reagents either entirely remove or leave a residue consisting of any one 
constituent. Furthermore, the treatment with such solvents is probably 
in many eases sufficiently drastic to induce chemical changes in the wall 
constituents. In this case, the product estimated as a wall constituent is 
in reality a reaction product of one or more of these constituents. The 
purely arbitrary character of such procedures is evidenced by the fact that 
the different methods for the estimation of any one constituent seldom give 
identical results. Other methods are based on the estimation of some 
characteristic group, as for example, the determination of pentosans as 
furfural phloroglucide. In view of the fact that the exact relation of such 
groups to the molecule of the constituent is usually unknown, such methods 
are also open to criticism. Although the proposed macrochemical meth- 
ods are open to these criticisms, they offer one of the most satisfactory 
methods at present available for the examination of plant tissues. 

By the use of such methods, Pererson and Hrxon (8) analyzed hand 
separated parenchyma and vascular fractions of the mature cornstalk for 
the wall constituents known to be present, namely: lignins, pentosans, and 
cellulose. The analytical results for the separated tissues and for the total 
stalk were practically the same. Winey (12) had previously obtained ana- 
lytical results on such fractions which were more nearly in agreement than 
would be expected from the previously mentioned conception of cell wall 
chemistry. Witey (12) and Burke (2) reported similar results for the 
pith and woody fractions of the corneob, a modified stem structure. Such 
results suggest that the cell walls of parenchyma and vascular material are 
more nearly alike chemically than has been supposed. The present work 
was undertaken to furnish additional evidence for or against the hypothesis 
that these tissues are chemically similar. 

Analytical data of the type obtained by PETERSON and Hrxon (8) gives 
no information concerning the nature of the association of the constituents 
in the cell wall. It is possible that the same substances may be present 
in the same proportion by weight, and yet be so associated as to produce a 
chemical difference in the walls. Since chemically different substances are 
characterized by a difference in physical constants, the desirability of sup- 
plementing the analytical data with measurements of such constants is 
apparent. For this reason, analyses and specific gravity measurements 
were made on parenchyma and vascular material from the stems of the 
following plants: (a) ordinary field corn (Zea mays); (b) and (¢) two 
genetically pure strains of corn (Zea mays),’ differing only with respect 


2 These tissues were kindly supplied by Dr. Fisk GrrHARDT, of the Chemistry Sec- 
tion of the Iowa Agricultural Experiment Station, Ames, Iowa. 
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to the gene controlling rigidity, one being weak and prostrate, the other 
strong and erect; (d) sugar cane (Saccharum officinarum) ;* (e) sorghum 
eane (Sorghum vulgare); and (f) Jerusalem artichoke (Helianthus 
tuberosus). 

Method 


PREPARATION OF THE TISSUES 


The preliminary treatment of the plant materials consisted of separa- 
tion into different tissues or combinations of tissues, grinding, and extrac- 
tion with such solvents as were expected to leave a residue consisting of 
relatively pure, unchanged cell wall material. Internodes of stems of the 
first five plants named above were separated, by peeling with a sharp knife, 
into two portions: (a) the outer shell of the stalk, consisting of the epi- 
dermis and the peripheral vascular bundles, and (b) the central cylinder 
of the stalk, consisting of the inner vascular bundles and the pith or funda- 
mental parenchyma. The separation of the sugar cane into shell and cen- 
tral cylinder was immediately followed by extraction with acetone to reduce 
the sugar concentration to such a point that the tissue could be dried by 
evaporation in air. The central cylinders of the field corn and sugar cane 
were further separated into vascular bundles and pith. This was accom- 
plished by carefully pulling out the bundles from cylinders which had been 
softened by soaking and boiling in water. The Jerusalem artichoke stem 
was split lengthwise and the inner cylinder of purely parenchymatous 
tissue was scraped out. 

Unless otherwise indicated, all tissues were ground to pass a 60-mesh 
screen. Extraneous materials were removed by exhaustive extraction with 
water and alcohol. The tissues were air dried before extraction with a 
new solvent. The final alcoholic extractions of sorghum and artichoke 
tissues were carried out in Soxhlets. This seemed necessary, to remove the 
large amount of coloring matter present in these tissues. All specific grav- 
ity measurements and analyses were made on air dried tissues. 


SPECIFIC GRAVITY MEASUREMENTS 


Specific gravity measurements were made by displacement of alcohol. 
The specific gravity values were calculated from the following formula: 


S x D, 


Ay? 


where A, is the weight of alcohol held by the pyknometer when no sample 
is present, A the weight of alcohol held when the sample, §, is present, 


3 These tissues, were kindly supplied by the Louisiana Sugar Experiment Station, 
Baton Rouge, Louisiana. 
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D, the specific gravity of the alcohol, and D the specific gravity of the 
tissue. 

A 100-ce. pyknometer fitted with a ground glass stopper with a capillary 
outlet was used. The pyknometer was calibrated to 0.0001 cc. at the tem- 
perature at which the measurements were to be made. For all measure- 
ments, the pyknometer was completely filled with liquid and was brought 
to constant temperature, by immersing up to its neck for thirty minutes 
in a water thermostat where the maximum temperature variation was not 
over 0.02° C. The joint of the pyknometer was protected from any alcohol 
which might overflow from the capillary outlet, by placing a tight fitting 
collar of filter paper around the stopper above the joint. Before weighing, 
the surface of the pyknometer was dried and cleaned by wiping with a 
cloth moistened with alcohol and ether. The samples of tissue used were 
of such size that in the dry condition a sample filled one-fourth to one-third 
the volume of the pyknometer. Samples of greater size interfered with 
subsequent manipulations. The sample was well covered with alcohol of 
known specific gravity, at least twenty-four hours before the measurement 
was to be recorded, to allow for penetration of the tissue. After penetra- 
tion had occurred, as evidenced by the appearance and the sinking of the 
tissue, the pyknometer was carefully rotated in such a way that its entire 
contents were set in motion. This was necessary to remove air bubbles 
which lodged in the mass of tissue. Check readings were obtained several 
times on each sample by bringing to constant temperature, readjusting the 
alcohol level, and weighing. The contents of the pyknometer were agitated 
between readings to make certain that all the air had been removed. 

The ground glass joint on most pyknometers must be reground with 
fine emery and rouge to make them alcohol tight. When this is done, the 
stopper is frequently pushed into the neck of the pyknometer to such an 
extent that a small groove is formed at the top of the joint, where the 
diameter of the neck of the pyknometer is greater than that of the stopper. 
It is necessary to remove this by grinding down the neck of the pyknometer 
until a right angle point of contact between stopper and pyknometer is 
obtained, to prevent capillarity drawing alcohol from the interior of the 
flask. 

ANALYSES 


No attempt to make a complete analysis of the various tissues was made. 
Moisture, pentosans, lignins, and, if the supply of material permitted, cel- 
lulose analyses were made on all tissues. The lignin analyses were made 
by the 72 per cent. sulphuric acid method, using the procedure recom- 
mended by Scuorcer (11). Pentosans were determined as furfural 
phloroglucide (1). The cellulose pulp was prepared by a modification of 
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the DE VaAIN’s process. The pentosan content of the pulp was determined 
and calculated to per cent. of original stalk. By subtracting this figure 
from the per cent. of original stalk obtained as pulp, a value for cellulose 
by difference was obtained. 


Results 


The experimental data are shown in table I. The values given for 
specific gravity are averages of values obtained on two or more samples of 
tissue. The value for each sample is in turn an average of at least two 
and more often three readings on that sample. The analytical values are 
averages of two or three determinations. 

The specific gravity, pentosan, and cellulose values for the paren- 
chymatous fractions are approximately equal to the corresponding values 
for the vascular fraction in ordinary field corn, the two genetically pure 
strains of corn, sorghum cane, and sugar cane. The lignin content of the 
two fractions was also found to be the same in those tissues where the lig- 
nin determinations were run at room temperature, namely: those of field 
corn, the two genetically pure strains of corn, and sorghum cane. PETER- 
Son (7) recently reported that a difference in lignin content was found in 
the two tissues of the cornstalk when the analyses were run at the tempera- 
ture of the ice box. Since his values by this method more nearly agree 
with those obtained by the WiuustTArtTer hydrochloric acid method, he has 
suggested that more nearly correct results are probably obtained at ice box 
temperature than at room temperature. A similar difference was observed 
in the lignin content of parenchymatous and vascular material of sugar 
cane when the analyses were run at ice box temperature. No analyses 
were made at room temperature due to an insufficient supply of material. 
The unexplained effect of temperature on lignin analyses suggests that lig- 
nin content so determined is of doubtful value in a comparison of plant 
tissues. These data are neither extensive enough, nor is the method suf- 
ficiently refined to warrant the statement that these tissues are chemically 
identical. It does seem to indicate that they are more nearly alike chemi- 
cally than is generally supposed. The objection may be raised that in most 
cases pure tissues have not been dealt with. For example, it may be sug- 
gested that the vascular tissue of the cornstalk consists of a mixture of tis- 
sues whose cell walls are decidedly different chemically, but which are pres- 
ent in such proportions that the average specific gravity and composition, 
as shown by such methods of analysis, equal that of the pith, a purely 
parenchymatous tissue. At present no experimental proof that such is not 
the case can be offered. However, it seems unlikely that such an averag- 
ing occurs in all the plants mentioned above. 
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TABLE I 


SPECIFIC GRAVITY AND COMPOSITION OF PARENCHYMA AND VASCULAR CELL WALL MATERIAL’ 








CELLU- 
SPECIFI CELLU- | PENTO- 
oo Lia- PENTO- wee = LOSE 
TISSUE GRAVITY : LOSE SANS IN 
am 25° C NINS SANS paren ouae BY DIF- 
J FERENCE 





per cent. | per cent. | per cent. | per cent. | per cent. 
5) 
Pitha 5s vem | 27.7 | 50.1 2. 37.9 


Inner 35.2 
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Shell 52 ya 39.3 
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genetic cylinder 51: ae 
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bundlese 
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Sorghum Central 
cane cylinder 1.503 21.7 
Shell 1.502 23.0 


Jerusalem Pith 1.540 10.1 5. 48.5 5.6 
artichoke Shell 1.406 23.9 : 53.2 11.4 























1 Analytical results calculated to percentage of oven-dry (105° C.) samples. 

a The analytical data for corn are those listed by PETERSON and HIXxon (8). 

» This tissue and the analyses for pentosans on it were kindly supplied by Dr. Fisk 
GERHARDT of the Chemistry Section of the Iowa Agricultural Experiment Station, Ames, 
Towa. 

¢ This tissue was kindly supplied by the Louisiana Sugar Experiment Station, Baton 
Rouge, Louisiana. 

4 This tissue could not be ground to pass a 60 mesh screen in the mill used. When 
the tissue reached its maximum state of fineness it was removed from the upper part of 
the mill and used without further subdivision. 

e The vascular bundles were cut into 7s to } inch lengths with the scissors and were 
not ground in the mill. 

f This value was determined at 29° C. 

s An insufficient supply of this material prevented the determination of its lignin 
content. 

h This analysis was run at the temperature of the ice box. 
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The parenchymatous and vascular material of the Jerusalem artichoke 
differ both in specific gravity and in lignin content. Even here, however, 
the results on pentosans, cellulose, and even on lignin, indicate that these 
tissues are not totally dissimilar. Although the specific gravity and lignin 
values obtained on the parenchyma and vascular material of the Jerusalem 
artichoke might suggest that tissues of different percentage composition are 
characterized by a difference in specific gravity, no generalization of this 
import is warranted due to the doubtful value of lignin analyses referred 
to above and to the fact that some tissues having approximately equal spe- 
cific gravity show a difference in lignin content as great as that reported 
for Jerusalem artichoke (table I). 

If parenchymatous and vascular cell wall material are not greatly dif- 
ferent chemically, some other factor or factors must be largely responsible 
for the difference in properties exhibited by these tissues. Both micro- 
scopic examination and comparison of apparent and actual specific gravi- 
ties indicate that their original mechanical subdivision is quite different. 
A greater surface of cell wall material is exposed in the pith, which has the 
smaller apparent specific gravity and which consists of large, thin walled, 
isodiametric cells, than in the vascular tissue, which consists mainly of 
heavy walled cylindrical cells with diameters many times less than that of 
the average pith cell. From generalizations regarding surface phenomena 
in colloids, it is to be expected that the pith will be more readily acted upon 
by chemical reagents. The facts are in accord with this prediction. 

PETERSON (7) has found that thermophilic bacteria ferment the pith of 
the cornstalk more rapidly than the vascular shell when both have been 
ground to pass a 60 mesh sereen. Since such a fermentation is a surface 
reaction, this difference in ease of biological attack is to be expected. This 
worker has also found that vascular material which has been ground in a 
colloid mill ferments more rapidly than pith ground to pass a 60 mesh 
screen. This lends further support to the idea that many of the differ- 
ences in properties shown by parenchyma and vascular tissue are largely 
due to the original mechanical subdivision of the tissues. 

A difference in staining reaction is characteristic of parenchyma and 
xylem. If the cell walls of these tissues are chemically similar and have 
the same specific gravity, this difference must be explained in some other 
way than as the result of a difference in either of these properties. It 
seems probable that this apparent difference in staining reaction may be 
partly an optical effect produced by different masses of the same material. 
This is comparable to the fact that a spool of thread appears darker than 
a single strand of the thread or than a piece of fabric woven from it. 

The difference in properties exhibited by wallboards from parenchy- 
matous and vascular tissues (6) may probably also be explained as the re- 
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sult of the original mechanical subdivision of the tissues. Dunuap (4) has 
suggested that the porosity of various woods determines their insulating 
properties. He defines porosity as the ratio, 


(the volume of a block of wood) — (the volume occupied by the cell wall material) 
(the volume of a block of wood) 





Since the air is a poorer conductor of heat than cell wall material, the more 
porous tissue is the better insulating material. If the two tissues of the 
cornstalk are chemically similar, DuNLAP’s hypothesis may be used to ex- 
plain differences in insulating properties shown by these boards. Further- 
more, since the cell walls of these tissues, as shown by the analytical (10) 
and specific gravity data (9) (4) do not seem to differ greatly from wood 
cell walls, any difference in insulating properties shown by these tissues 
and by woods may probably be attributed to their different porosities. The 
limiting apparent specific gravity of boards prepared from the two tissues 
of the cornstalk will be the same, namely 1.52. The insulating power of 
such boards would be identical. Due to the great resistance to loss of iden- 
tity shown by the cells of these tissues, even in pressure boards, the chance 
that boards of this limiting density will be prepared, save by the addition 
of some more dense material, is slight. 

In view of the fact that the two tissues of the stalk yield the same sub- 
stances in at least roughly the same proportions, the extent to which they 
may be practically utilized for the same purpose will probably depend on 
the extent of the influence of the cellular structure on the properties of the 
product. Even where the tissues are to be utilized for the same purpose, 
the difference in reaction rate exhibited by these materials suggests that it 
may be desirable to subject them to treatments of different intensity. 


Summary 


Specific gravity and analytical data on parenchymatous and vascular 
tissues of a number of plants have been presented. The probable need for 
a revision of the general conception of the chemistry of the cell walls of 
these tissues has been suggested. Mention has been made of the impor- 
tance of the effect of the original mechanical subdivision of tissues on their 
properties. 

The writer wishes to express her appreciation to Dr. R. M. Hrxon for 
his assistance and encouragement during the course of this investigation. 
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PERMEABILITY OF THE SKIN OF APPLES AS MEASURED 
BY EVAPORATION LOSS* 


K. S. MARKLEY AND CHARLES E. SANDO 


Introduction 


It has long been known that variations in the skin of fruits influence 
their keeping quality. This is particularly true in the case of apples (3, 4) 
where skin condition is recognized as a determining factor in the amount 
of wilting in storage, susceptibility to scald and other physiological 
troubles, as a mechanical protection for the underlying tissues, and as a 
partial regulator in connection with gaseous exchange. 

That different varieties of apples differ in skin thickness, amount of 
waxy coating, and permeability of the skin to gases, especially water vapor, 
is known in a general way, but little is recorded with respect to their quan- 
titative differences. While the work of Cummrinas and Lomparp (1), 
Maeness and Dieu (4), Riviére and Picuarp (5), and of HEINICKE (2) 
is of value in indicating the water loss in relation to the original weight of 
the whole fruit, it throws but little light on skin permeability because the 
various workers, with the exception of HErmnicKE who worked on a single 
variety only, failed to calculate their data on an area basis or to account 
for the loss through the stem and calyx ends. 

An opportunity was presented in 1929 to determine under comparable 
conditions the skin permeability, as measured by evaporation loss, of sixteen 
varieties of apples, eleven of which were available from two different locali- 
ties. The fruit used in each case was part of the material assembled for 
quantitative studies of the cutin and waxy-coating of apples which we have 
had under way for some time. While the data represent material collected 
in one season only, it is believed they portray fairly accurately what limits 
of variation and what varietal differences may be encountered, since all the 
material was examined under comparable conditions. 

In these experiments determinations were made of evaporation losses 
from normal fruit and from fruit in which the stem and calyx ends were 
blocked by means of paraffin. The results of these determinations are of 
interest and importance in that they provide quantitative information upon 
the varietal differences with respect to the total evaporation loss from the 
whole apple surface and from the skin exclusive of the stem and calyx open- 
ings. Data are given for varieties grown in two dissimilar apple regions, 


1 From the Division of Horticultural Crops and Diseases, Bureau of Plant Industry, 
in cooperation with the Food Research Division, Bureau of Chemistry and Soils, United 
States Department of Agriculture, Washington, D. C. 
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namely, the Wenatchee Valley, Washington, and the Finger Lake region 
of New York State. From these data it has been possible to calculate for 
each of the varieties the loss through the skin alone and that by way of 
the stem and the calyx tube. 
Material used 
WASHINGTON FRUIT 

The Washington fruit was obtained from several commercial orchards 
in the vicinity of Wenatchee, Washington. The orchards were irrigated 
during the growing season and were sprayed with lead arsenate in accord- 
ance with the usual practice in this district. In addition, Grimes Golden, 
Delicious, Esopus Spitzenberg, Stayman Winesap, Winesap, Rome Beauty, 
and Arkansas Black varieties received a one per cent. oil spray during 
August. 

The fruit was harvested one week to ten days earlier than commercial 
picking time for this district and immediately placed in cold storage at 
Wenatchee. On November 1 the entire lot of fruit was shipped from 
Peshastin, Washington, to Philadelphia under initial ice, then by express 
to Washington, D.C. It arrived November 15 and was immediately placed 
in cold storage. 

New YorK FRUIT 


The New York State fruit, with the exception of the Arkansas, Winesap, 


and Stayman Winesap varieties, was obtained from the varietal orchard of 
the New York State Agricultural Experiment Station at Geneva, through 
the kindness of RicHarp WELLINGTON and Grorce H. Hows. The three 
excepted varieties were obtained from the varietal orchard of the New York 
State Agricultural College at Ithaca, through the courtesy of Prof. ARTHUR 
J. HEINICKE. 

The fruit was harvested at the commercial picking date for the particu- 
lar variety at the place where it was grown, packed at the orchard in lined 
bushel baskets, and shipped by express to the cold storage house near Wash- 
ington, D. C. Owing to the abnormal weather conditions prevailing in this 
region during the season of 1929 (cold, wet spring followed by an unusually 
dry summer and fall) the New York fruit was, for the most part, somewhat 
under-developed. 

Experimental 


About the middle of December the experimental material was withdrawn 
from cold storage and allowed to stand in the laboratory over night to 
attain room temperature. The next day each sample was divided into two 
portions each containing approximately one kilogram of fruit. The diam- 
eter of each apple was measured to the nearest millimeter with calipers. 
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The calyx and the stem openings of the fruit comprising the A-samples 
were blocked with 45° paraffin, which was introduced while melted. The 
apples comprising the B-samples remained untreated. The separate lots of 
fruit were then weighed on a Sartorius precision laboratory balance, 
arranged on tables, and allowed to remain undisturbed for nine days at an 
average room temperature of 25.6° C. At the expiration of that time they 
were again weighed and returned to the tables and left seven more days 
at the same average room temperature. At the end of this period they 
were weighed and discarded, since by that time some varieties had under- 
gone considerable shrivelling. All the fruit, both blocked and unblocked, 
was therefore exposed under identical conditions of humidity and tempera- 
ture, the latter recorded by means of a thermograph. 


Results and discussion 


In table I are recorded the total weight of fruit used, the total surface 
area, the total loss in weight? for the nine and sixteen day periods, and the 
average daily loss for these periods per 100,000 square millimeters of sur- 
face. The data reported under A and B each represent the results of two 
separate determinations. It should be noted that the surface area has been 
calculated from the diameter on the assumption that the apples were perfect 
spheres. This assumption is, of course, only an approximation, but a 
fairly accurate one for most varieties, since irregularities due to excessive 
concavity and convexity, particularly in the region of the stem and calyx 
ends, are more or less compensatory. The varieties are arranged in the 
decreasing order of the loss through the skin, independent of the loss by 
way of the stem and calyx tube. 

If the figures for the Washington fruit are compared with those for the 
New York fruit of the same variety it will be seen that except for Grimes 
Golden and Wagener, the loss per 100,000 square millimeters of skin surface 
is greater for the New York than for the Washington fruit. Grimes Golden 
and Wagener apples obtained from Washington were markedly different 
from those obtained in New York. Before completion of the experiments 
these varieties suffered from surface scald as well as deep scald and break- 
down. Only a single nine day experiment could be made for Wagener 
because of the severity of the internal breakdown. The considerably larger 
loss of weight in Washington as compared with New York fruit of these 
two varieties doubtless is partly the result of the internal breakdown. In 

2The evaporation loss determined by the above-described method comprises both 
transpiration and respiration losses. The latter does not greatly affect the value of the 
evaporation loss. By employing the figure 35 in milligrams per kilogram-hour as 
roughly representing an average respiratory rate for apples and computing from this 


the resultant loss in weight of the fruit it is found that approximately 4 per cent. of 
the total loss is due to respiration. 
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the light of these experiments it would appear that New York fruit pos- 
sesses, or at least did in 1929, a more permeable skin than Washington fruit 
of the same variety. 

The percentage of water lost by way of the stem and the calyx tube can 
be calculated from the data given in columns 8 and 9, table I. This loss, 
expressed as percentage of the total, is given in table II. For the most 
part, fruit from the two localities show marked differences with respect to 


TABLE II 


EVAPORATION LOSS THROUGH THE STEM AND CALYX ENDS EXPRESSED AS PERCENTAGE OF 
THE TOTAL LOSS PER 100,000 MM.? OF APPLE SURFACE 









































WATER LOST THROUGH STEM AND CALYX ENDS 

VARIETY WASHINGTON STATE FRUIT | New York STATE FRUIT 

9 DAYS 16 DAYS | 9 DAYS | 16 DAYS 

per cent. per cent. | per cent. per cent. 
pee, Boaaty 25.3 24.9 | 7.6 6.4 
Delicious .................. a 20.9 21.7 11.0 9.9 
Yellow Newtown .. i 20.3 20.1 23.3 | 23.7 
I oo. 17.4 aoe 0.0 ith 
Ben Davis 12.3 11.4 5.0 5.1 
Esopus Spitzenberg 11.5 11.6 3.3 2.6 
Stayman Winesap ... ss 10.7 10.5 ie 9.6 
Gimmes Golden i.e .ccecccsosescsssseeneseen 10.0 10.5 13.2 11.4 
TR SOR cos 9.0 ee ee eee 
Wagener 7.2 | aa 30.7 28.6 
Winesap 6.2 6.7 14.6 13.9 
Northern Spy. ccccccccvcececnom- 6.0 | 4.9 1.9 2.4 
Arkansas Black ........cccccccccccscoccccssecceee 2.8 ade eee panne 
ee a | ee ee oe 
Rhode Island Greening ....00. {00 cou 15.4 | 16.6 
SESE SRT RE (See | | 10.2 | 9.8 








stem end and calyx end losses. Except for Grimes Golden, Yellow New- 
town, Winesap, and Wagener, which are higher in the Eastern fruit, the 
Washington fruit showed the higher, often a considerably higher loss by 
way of the stem and the calyx tube than did the New York fruit. Because 
of the larger size of the Washington fruit it might be expected that their 
calyx end loss would be larger than that of the underdeveloped and conse- 
quently smaller New York fruit. This is in accord with the observations of 
Youne (6) to the effect that the calyx cup or eye of the apple is influenced 
by the development of the fruit. According to these observations the calyx 
tube of large fruit is apt to be large, so that the lobes are separated, result- 
ing in an open or partly open calyx, whereas in small or poorly developed 
apples the calyx is usually small. 
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Summary 


permeable skins than Washington fruit. 


U. S. DEPARTMENT OF AGRICULTURE, 
WASHINGTON, D. C. 
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RESPIRATION STUDIES OF STRAWBERRIES' 


E. L. OVERHOLSER, MAx B. HARDY, AND H. D. LOCKLIN 


In the study of promising new varieties of strawberries, it is desirable 
to employ some measurement that will give satisfactory evidence of their 
keeping quality when compared with standard varieties in a district. To 
this end, Harpy and Lockiin (unpublished) have employed a test 
by means of which the firmness of the fruit is expressed in grams of pres- 
sure necessary to force a one-eighth inch plunger through the flesh to a 
depth of three-sixteenths of an inch. It was noted, however, that fre- 
quently the firmness of the flesh of varieties was not consistently correlated 
with casual observations as to the keeping quality at laboratory tempera- 
tures. This indicated that varieties having the most firm flesh did not 
necessarily possess the lowest rate of metabolism. 


Objects of experiments 


Experiments were therefore undertaken to determine the correlation of 
the rate of metabolism or respiration intensity as measured by the produc- 
tion of carbon dioxide, with certain factors as follows: (1) Firmness of tis- 
sue; (2) maturity; (3) time of season harvested; (4) succession of respi- 
ration interval; (5) duration of respiration period and the percentages of 
carbon dioxide and oxygen in the respiration chamber; and (6) variety. 
Incidentally the relation of the respiration ratio and of the specific gravity 
of strawberries to certain factors was observed. 


Methods employed 


Respiratory intensity was used as a measure of rate of metabolism in 
the work reported here. One-quart fruit jars sealed with rubber corks 
fitted with stop-cocks were used as respiration chambers. The temperature 
in these chambers averaged about 20° during the investigation with varia- 
tions of + 2° C. The intensity of respiration was determined by methods 
of BENNETT and BarTHOLOMEW (1). The respiration interval averaged 
about 16 hours, and the jars were opened and the berries aerated for about 
six hours before another respiration interval was begun. The lots of straw- 
berries employed in these studies were grown upon a medium heavy clay 
loam on the grounds of the Western Washington Experiment Station, 
Puyallup, Washington. The strawberries were harvested for each determi- 
nation at an immature stage (10 to 15 per cent. colored) and at a mature 


1 Published as Scientific Paper no. 177, College of Agriculture and Experiment Sta- 
tion, State College of Washington. 
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stage (100 per cent. colored). The fruit was brought directly from the 
field to the laboratory and utilized at once for the studies. 


Results 


RELATION OF FIRMNESS OF TISSUE TO RESPIRATION INTENSITY 

Using the method of Harpy and Locktin the firmness of the flesh of the 
strawberry varieties was determined. From one to four penetrations per 
berry of 10 to 15 berries were averaged. 

The respiration intensity of certain varieties having relatively firm 
tissue was compared with other varieties having relatively soft tissue. For 
these determinations fruits were used that were well matured with 100 per 
cent. color and also immature fruits with only from 10 to 35 per cent. color. 
The average duration of each respiration period was about 16 hours. The 
data obtained with the immature berries of different degrees of firmness 
of flesh are presented in table I. 


The data in table I indicate that firmness of flesh of immature berries 


is not correlated with low respiration intensity. 


Each of three firm varie- 


ties, harvested in an immature stage of ripeness had a higher respiration 
intensity than did three soft fleshed varieties with the exception of the 




















Klondike. This was true not only of the average as shown in table I, but 
TABLE I . 
RELATION OF FIRMNESS OF TISSUE OF VARIETIES OF IMMATURE STRAWBERRIES TO RESPIRATION 
INTENSITY 
NUMBER 
OF RESPI- CO, PRO- 
e RESPIRA- 
. DaTES FIRMNESS| RATION DUCED PER 
Vannes HARVESTED Cone OF TISSUE| PERIODS KILO PER "C0, /0, 
DETER- HOUR /0. 
MINED 
per cent. gm. mg. 
U.S. D. A. 632.. | June 14, 20 12 511 5 89.68 0.836 
U.S. D. A. 819..| ‘6 14,17 27 548 6 73.82 0.842 
Ettersburg 121..| ‘‘ 20 20 421 3 88.24 0.852 
Average for firm 

fleshed varie- 

IE sack sictieashccnrhc 493 83.91 0.843 
U.S. D. A. 652... | June 14, 17, 20 10 284 9 45.20 0.831 
U. 8. D. A. 545... oF. Baas 10 333 6 65.65 0.844 
Klondike ............. a 35 276 3 88.48 0.913 
Average for soft 

fleshed varie- 

TP stn 308 66.44 0.863 
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The Klondike, however, was more 


also of each individual determination. 
mature than any of the other immaturely harvested varieties in that the 
berries were over one-third colored. This greater maturity in the light of 
data subsequently presented apparently increased the intensity of respira- 


tion. If this be true, which is not unlikely, the average value for this 
group would be still lower. 

Similar determinations were made with berries harvested in the mature 
stage. These data are shown in table II. 


TABLE II 


RELATION OF FIRMNESS OF TISSUE OF VARIETIES OF MATURE (100 PER CENT. COLORED) STRAW- 


BERRIES TO RESPIRATION INTENSITY 














NUMBER OF CO, PRO- 
Vanterr DATES FIRMNESS RESPIRATION| _ DUCED PER oe 
HARVESTED OF TISSUE PERIODS KILO PER CO, /0, 
DETERMINED HOUR cS 
gm. mg. 
U. 8. D. A. 632... | June 14, 17, 20 357 9 127.89 0.906 
Ettersburg 121... 2 372 3 98.74 0.901 
U.S. D. A. 527... ae" 36 321 3 95.21 0.810 
U.S. D. A. 819... < ay 343 6 83.11 0.887 
Average for firm 

fleshed varie- 

EAS: CREAN 348 | 101.27 0.878 
U.S. D. A. 652 June 14, 17, 20 214 9 75.73 0.879 
U. & D. A. 177 ey 261 | 3 84.15 0.925 
U.S. D. A. 545... ‘14 239 | 6 64.42 0.896 
Klondike ................ ‘! 9) 287 | 3 95.69 0.955 
Average for soft | 

fleshed varie- 

aera were 250 79.99 0.914 























The data from the strawberries harvested when mature also indicated 
that firmness of flesh did not necessarily mean a low respiration intensity. 
Comparison of the respiration ratios in tables I and II indicated that the 
more mature berries had a higher respiration ratio (carbon dioxide evolved 
divided by the oxygen absorbed) than did the immature berries (see also 
table III) and that the firm fleshed varieties had a higher respiration ratio 
than the soft fleshed sorts. 


RELATION OF MATURITY TO RESPIRATION INTENSITY 


Five varieties of strawberries were harvested in an immature stage of 
development (10 to 25 per cent. colored) and their respiration intensity 
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compared with that of the same varieties harvested in a well matured stage 
(100 per cent. colored). The data are shown in table III. 


TABLE III 


RELATION OF MATURITY OF STRAWBERRIES TO RESPIRATION INTENSITY 








Nv} 
UMBER OF CO, PRo- 


RESPIRATION 
FIRMNESS | RESPIRATION 
MATURITY . DUCED PER RATIO 
OF TISSUE | PERIODSDE- | 511.5 noUR CO, /0, 
TERMINED lies 





gm. mg. 
Ue B.S. Immature 512 89.68 0.836 
U. 8. D. A. Immature 284 ¢ 45.20 0.831 
U.S. D. A. Immature 346 5 90.70 0.872 
U. 8. DOA. Immature 353 5 65.65 0.844 
U.S. D. A. Immature 548 5 73.82 0.842 





Average | 
ture berries 73.01 0.845 


U. &. & &, Well matured 9 117.89 0.906 
U.S. DA Well matured | 75.73 0.879 
U.8. DA Well matured : 5 112.50 0.921 
U. 8. D. A. Well matured 3 69.42 .0913 
U.S. DA Well matured 27 5 83.11 0.887 


Average 
berries 36 91.73 0.905 

















The data in table III show that as the strawberries advance from the 
immature stage, where the fruit is only 10 to 25 per cent. colored, to the 
well matured stage with 100 per cent. color, the rate of respiration increases. 
The average increase is nearly 50 per cent., with the exception of the 
variety U. S. D. A. 545, where the increase is relatively small. As indi- 
cated by a comparison of the data in tables I and II, the data in table III 
also show that the respiration ratio of mature berries was nearer unity than 
that of the immature berries. This indicates, as would be expected, that 
the material respired, by the mature berries is not the same as that in the 
immature fruit. 


RELATION OF TIME OF SEASON HARVESTED TO RESPIRATION INTENSITY 


It is reported by growers that strawberries picked at the same stage of 
maturity late in the fruiting period for the variety do not keep nor ship as 
well as berries harvested earlier in the season. Data pertaining to the rela- 
tion of time of the season the strawberries were harvested, (the maturity 
being the same) to respiration intensity are shown in table IV. 

The data in table IV show that as the season advances strawberries even 
though picked at comparable stages of maturity exhibit higher respiration 
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TABLE IV 
RELATION OF TIME OF SEASON HARVESTED TO RESPIRATION INTENSITY OF STRAWBERRIES OF 
COMPARABLE MATURITY 








CO, pro- | RESPIRA- 
FIRMNESS DUCED TION 
OF TISSUE| PER KILO RATIO 
PER HouR| CO,/O, 


VARIETY MATURITY CoLor 





per cent. gm. mg. 
June 14 Immature 10 297 36.09 0.827 
June 17 Immature 10 293 47.67 0.838 
June 14 Well matured 100 204 59.30 0.880 
June 17 Well matured 100 208 79.47 0.952 
June 14 Immature 10 562 80.54 0.813 
June 20 Immature 15 461 98.82 0.859 
June 14 Well matured 100 317 110.78 0.907 
June 17 Well matured 100 365 126.63 0.926 
June 14 Immature 347 60.69 0.797 
June 17 Immature 359 70.61 0.890 
June 14 Immature 364 89.03 | 0.868 
June 17 Immature 327 94.84 0.897 
June 14 Well matured 239 102.34 0.927 
June 17 Well matured 228 122.34 0.974 


























intensities. This was true of berries harvested in an immature stage as 
well as berries harvested when fully mature. The average respiration 


intensity of the immature and mature strawberries harvested early in the 
season was 78.7 mg. of carbon dioxide per kilogram of fruit in contrast 
with 90.4 for fruit harvested later in the season. The data are all the 
more significant when it is pointed out that the temperatures in the field 
averaged two degrees higher on June 14 than on June 17. 


RELATION OF SUCCESSION OF RESPIRATION INTERVAL TO 
RESPIRATION INTENSITY 


The greater respiration intensity of berries which accompanied their 
advance in maturity was also indicated by the fact that generally the 
respiration rate tended to increase with each succeeding respiration period 
of fifteen to eighteen hours. This increase was more marked with the 
maturely harvested fruit than with the fruit harvested when immature, 
as shown by the average of eight varieties in table V. 


RELATION OF DURATION OF RESPIRATION PERIOD AND THE PERCENTAGES OF 
CARBON DIOXIDE AND OXYGEN IN THE RESPIRATION CHAMBERS 


Attempts were made to keep the respiration intervals fairly uniform 
and to avoid the accumulation of excess carbon dioxide and marked reduc- 





TABLE V 
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RELATION OF SUCCESSION OF RESPIRATION INTERVAL TO RESPIRATION INTENSITY 











ORDER OF 
RESPIRATION 
INTERVAL 


NUMBER OF 
DETERMINA- 
TIONS 


DURATION OF 
RESPIRATION 
INTERVAL 


MATURITY OF 
STRAWBERRIES 


CO, PRODUCED 
PER KILO PER 
HOUR 





average hrs. 
18.24 
15.03 
15.25 
18.16 
15.22 


15.45 


mg. 
72.56 
79.80 
87.17 
80.33 
90.59 
102.69 


Immature 
Immature 


First 15 
Second 15 
Third 15 
First | 20 
Second 20 
Third | 20 


tion of the oxygen content of the air of the respiration chambers. An 
inerease in the carbon dioxide generally has a depressing effect upon respira- 
tion of some tissues, which is more marked if the temperature is low, as 
shown by Kipp (3) with germinating seeds, and by Kipp, West and Kipp 
(4) with apples, and Trout (5) with pears. The effect is more marked 
at temperatures lower than those employed here for the respiration studies 
of strawberries. An appreciable reduction in the oxygen content may, 
however, have little or no effect upon respiration as measured by carbon 
dioxide production. In our experiments the percentage of oxygen was 
reduced about the same as the percentage of carbon dioxide was increased. 
Generally, however, slightly more oxygen was consumed than carbon dioxide 
was evolved. The data show the average milligrams of carbon dioxide 
produced per kilogram of fruit during the respiration interval when the 
carbon dioxide content of the atmosphere in the respiration chambers 
became highest, in comparison with the production by the same lots during 
the respiration interval when the carbon dioxide content remained lowest. 
The data showing the relation of these factors to the respiration intensity 
are shown in table VI. 





Immature 
Mature 
Mature 
Mature 








TABLE VI 


RELATION OF DURATION OF RESPIRATION PERIOD AND PERCENTAGE OF CARBON DIOXIDE AND 
OXYGEN TO RESPIRATION INTENSITY 








AVERAGE 
DURATION OF 
RESPIRATION 

INTERVAL 


MATURITY OF 


FRUIT 


NUMBER OF 
DETERMINA- 
TIONS 


AVERAGE 
PER CENT. OF 
CO, IN RESPIRA- 
TION CHAMBER 


CO, PRODUCED 
PER KILO PER 
HOUR 





hr. 
14.56 
16.97 
15.20 
17.94 





Immature 
Immature 
Mature 
Mature 


per cent. 
7.86 
10.41 
9.36 
12.50 





mg. 
79.07 
82.34 
87.55 
98.71 
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The data show that there was no depressing effect of the longer respira- 
tion intervals or of slightly greater increases of carbon dioxide contents of 
the respiration chambers. In fact the respiration intensities of both the 
mature and immature fruits were slightly greater during the longer inter- 
vals and with the higher carbon dioxide content. This was consistently 
true of the individual determinations as well as the average given in table 
VI. Furthermore, the average respiration ratio was below unity, indicating 
that there was an absence of intramolecular respiration. 


RELATION OF VARIETY TO RESPIRATION INTENSITY 


The data in table VII show that there are consistent differences in 
respiration intensity between varieties. These differences again were not 
necessarily correlated with keeping quality at room temperature. For ex- 
ample, while some firm varieties respired more rapidly than did medium 
firm varieties the former may have been sufficiently more firm, so that not- 
withstanding their greater respiration intensity, they were still less soft 
and in better market condition than were the medium firm, after a given 
interval of time. 


RESPIRATION RATIO AND SPECIFIC GRAVITY OF STRAWBERRIES 


The average respiration ratio of mature strawberries, 100 per cent. 
colored and softening, was somewhat higher than that of immature berries, 
10 per cent. colored and firm. In each case, however, it was below unity, 
being in the former 0.909 and in the latter 0.870. GrrHart (2) reported 
that the approximate value of the respiration ratio of ripe strawberries 
was 1.2 as determined by the Krajnik apparatus. This would indicate that 
more carbon dioxide was evolved than oxygen was absorbed, while with the 
data presented in table VIII, the reverse appears to be true. 


TABLE VIII 


AVERAGE RESPIRATION RATIO AND SPECIFIC GRAVITY OF STRAWBERRIES 








RESPIRATION NUMBER OF DETERMI- 
- 


MATURITY 


NUMBER OF 
VARIETIES 


RATIO 
co, 
O, 


SPECIFIC 
GRAVITY 


NATIONS 





RESPIRATION 


SPECIFIC 
GRAVITY 





Immature 
Mature 





12 


11 





0.870 
0.909 








0.860 
0.923 





48 
57 


17 
19 





The data in table VIII indicate that with the varieties employed the 
specific gravity of the mature fruit averaged slightly higher than for the 
immature berries. 
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Summary 


1. With the strawberry varieties tested greater firmness of flesh appar- 
ently was not directly correlated with a low respiration intensity, either 
with immature or mature fruits. 

2. With the varieties employed fruits of the firm-fleshed sorts had a 
higher respiration ratio than fruits of the soft-fleshed sorts. 

3. The respiration intensity increased with the maturity of the fruit. 

4. Both immature and mature fruits when picked at intervals in com- 
parable stage of maturity showed a higher respiration intensity and a 
higher respiration ratio as the picking season advanced. 

5. The respiration intensity of any one lot of mature or immature fruits 
increased with each succeeding respiration interval, the increase being more 
marked with the mature lots of fruit. 

6. No apparent depression of the respiration intensity followed the in- 
creased carbon dioxide contents attained in the respiration chambers re- 
sulting from a lengthening of the respiration period. 

7. There are consistent differences between varieties in their respira- 
tion intensities which were not, however, directly correlated with keeping 
quality, since the latter was affected also by the initial firmness of the 
berries. 

8. Greater maturity of fruit was correlated with a higher respiration 
ratio, although no single value ever attained unity. 

9. The specific gravity of the mature fruits of the varieties employed 
average slightly higher than that of the immature fruits. 


WASHINGTON AGRICULTURAL EXPERIMENT STATION, 
PULLMAN, WASHINGTON. 
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EFFECT OF MANGANESE, COPPER AND ZINC ON THE 
GROWTH OF YEAST* 


J. S. McHARGUE AND R. K. CALFEE 


(WITH THREE FIGURES) 


The fermentation of sugars by yeast has received much scientific investi- 
gation. The more common mineral elements required in relatively large 
amounts for the growth of yeasts have been definitely established but the 
influence of some of the less common elements in the metabolism of yeasts 
is not so well known. Manganese, copper and zine can be found in small 
amounts in the ash of most plant material. Because yeasts depend upon 
the products of other plants for a portion of their nutrients, they have 
aecess to these metals. 

Kayser and MarcuHanp (1) state that the addition of from 1 to 1.5 gm. 
of manganese sulphate per liter increased the yield of alcohol 3 per cent. 
in some cases. The amounts of glycerol and volatile acids were also in- 
creased. They obtained especially good results with the nitrate. 

KostyTscHEW and Frey (2) found that zine chloride added at the rate 
of 0.4 gm. to 2.6 gm. in 100 ec., caused the production of acetaldehyde in 
dry but not in living yeast fermentation. It also resulted in an increased 
production of carbon dioxide as compared with the aleohol, and in a large 
part of the fermented sugar being converted into unknown products. The 
larger part of the sugar remained unfermented in the presence of zine 
chloride whereas practically all was fermented in controls without zine. 

ScHWEIZER (3) found that fermentation was decreased in copper ves- 
sels as compared with glass. He investigated the effect of cuprous oxide 
and found it decreased growth in amounts greater than 0.0001 gm. for 
0.5 gm. of yeast, and that 0.014 gm. inhibited fermentation. Cupric oxide 
did not affect fermentation. 

The chief difficulty in investigating the influence of manganese, copper 
and zine on the growth of yeasts was in obtaining a medium suited to their 
growth that was free from traces of these metals. The medium used in 
this investigation was an aqueous solution containing ammonium sulphate 
0.5 per cent., potassium dihydrogen phosphate 0.2 per cent., potassium 
sulphate 0.4 per cent., magnesium sulphate 0.1 per cent., calcium sulphate 
0.05 per cent., ferrous chloride 0.001 per cent., and sucrose 5.0 per cent. 

1Contribution from the Department of Chemistry of the Kentucky Agricultural 
Experiment Station. 


The investigation reported in this paper is in connection with a project of the Ken- 
tucky Agricultural Experiment Station and is published by permission of the Director. 
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The inorganic salts used were tested chemically and were known to be free 
from copper, manganese and zine. Sucrose could not be obtained entirely 
free from zine, but less than 0.2 part per billion was contained in the 
medium, from this source. The water required was distilled through a 
quartz tube. This medium was used as the control medium. 

Pure cultures of Saccharomyces cerevisiae were prepared and trans- 
ferred on the control medium six times to remove manganese, copper and 
zine from the cells before a stock culture was accepted for inoculation of 
experimental cultures. Counts were then made microscopically and a sus- 
pension in control medium was standardized so that one ecubie centimeter 
contained one thousand cells. One hundred cells (0.1 ee.) were used for 
inoculation of most cultures. 

To determine the effect of different concentrations of manganese a 
series of ten cultures of 100 ce. each, to which different quantities of man- 
ganese sulphate had been added, was started. Manganese was added in 
such proportions that the first flask contained 10 parts per million, the 
second 20 ppm., the third 30 ppm., ete., covering the range between 
0 and 100 ppm. manganese. Duplicate cultures and two controls were 
prepared. Other factors such as the time and temperature of incubation 
and sterilization, and number of cells used for inoculation, were the same 
in all experimental cultures. After six days’ incubation, the cultures were 
filtered and the yeast cells washed with cold distilled water in excess of the 
amount found necessary to remove sulphates. The same volume of water 
was used on each culture. The washed cells were dried to constant weight 
at 100° C. and weighed as the quantity produced in 100 ec. of medium in 
six days. Comparison of the weights obtained showed that the smaller 
quantities of manganese stimulated growth, as determined by weight, that 
large quantities were toxic, resulting in reduced growth or death, and that 
a concentration of 10 ppm. resulted in the largest weight obtained. A 
second series of 10 cultures covering the range between 5 and 15 ppm. 
manganese fixed the optimum concentration of this element at 10 ppm. 

By using similar series of cultures containing copper sulphate, and zine 
sulphate, the optimum concentrations were found to be 7.5 ppm. for copper 
and 10 ppm. for zine. These values were used in preparing media for the 
following cultures. 

To ascertain the effect of these metals on growth as determined by total 
weight, cultures of 250 ee. in liter flasks were prepared as follows: 1, con- 
trol; 2, + manganese; 3, + copper; 4, + zinc; 5, + manganese + copper ; 
6, + manganese + zinc; 7, + copper + zine; 8, + manganese + copper + zinc. 
These cultures, with duplicates, were incubated for ten days at 28° C. and 
the growth produced was weighed as previously described. Fig. 1 shows 
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2.5 


Weight of ary yeast cultures (gms.). 


° 
Con Mn aMn +Cu +Mn+Curdn 


Fic. 1. Addition of Mn, Cu, and Zn to the control medium—effect on weight of cells. 


the results obtained. Copper produced the greatest weight of any element 
when present without the others. The values for zine were slightly greater 
than those for manganese. Combinations of two metals produced greater 
weights than did either one alone. The largest weight obtained resulted 
from the inclusion of manganese, copper and zine in the medium. The 
relations to the control are shown in table I. 

To determine the effect on growth as indicated by rate of cell division, 
the number of cells per ce. was counted daily, microscopically, in a gradu- 


TABLE I 


PRODUCTION OF YEAST CELLS (AVERAGE OF 3 CULTURES) 








CULTURE TOTAL WEIGHT PER CENT. OF CONTROL 








gm per cent. 
Control 0.2064 100 


+Mn 0.4934 239 
+Cu 0.5915 286 
+ Zn 0.5364 260 
+Mn+Cu 1.0138 
+Mn+Zn 1.9711 
+Cu +Zn 1.1461 


+Mn+Cu+ Zn 2.2506 
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ated cell slide, in cultures of 250 ee. in 500-ce. flasks. The initial inocula- 
tion was 2,500 living cells. Counts were discontinued at the end of six 
days, because of bacterial contamination in some flasks. Fig. 2 shows the 


legend 
= Control 
= Manganese 
= Copper 
= zine 
= Manganese + Copper 
= Manganese + Zinc 
= Copper + Zinc 


= + 


& 
i 
: 
* 


3 4 5 6 
Days of Incubation 
Fie. 2. Addition of Mn, Cu, and Zn to control medium-effect on number of cells. 


effect of manganese, copper, zine, and their combinations on the rate of cell 
division. Copper inhibited reproduction at the start but, as incubation 
proceeded, increased it more than did either manganese or zinc. Manganese 
and zinc, separately, produced immediate increases in the rate of cell divi- 
sion as compared with the control. 

The cells in media containing copper were small, the average of the 
mature cells being 6.6 x 7.7 microns, slightly less than the control measure- 
ments. Manganese and zinc, separately, increased the size of cells, the 
average being 8.25 x 9 microns for each. The fact that cultures containing 
copper resulted in a greater weight of yeast than did cultures containing 
manganese or zine was due to the presence of a larger number of smaller 
cells. The increase in weight of yeast in the cultures containing man- 
ganese and zine over that in the cultures containing copper and zine, or 
copper and manganese, was caused by a larger size of cell, the number of 
cells being nearly the same. With manganese, copper and zine together 
the cells were but slightly smaller than they were in the presence of man- 
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ganese and zine, and as the rate of cell division was much greater, the 
largest weight obtained resulted from this culture. 

The effect of manganese, copper and zine on the production of carbon 
dioxide by yeast was determined by direct weighing of the absorbed gas. 
Cultures of 250 ec. each, in liter flasks, containing manganese, copper, zine, 
and all combinations of these, in optimum concentrations, and controls, 
were prepared. The flasks were sealed with rubber stoppers fitted with two 
glass tubes, one of which extended below the surface of the medium. These 
tubes were connected with soda-lime and calcium chloride tubes as for car- 
bon determination. Air entered the long tube through sterile cotton and 
a soda-lime tube, and bubbled through the culture. Gases left the culture 
flask through calcium chloride tube, a weighed soda-lime tube, a second 
calcium chloride tube, and the aspirator. The weights of carbon dioxide 
absorbed by the soda-lime were recorded daily. The number of bubbles 
per minute that passed through the culture was regulated by a clamp on 
the rubber tube leading to the aspirator, and was kept constant for all cul- 
tures. Cultures were aerated continuously except while weighings were 
being made, and were kept at a constant temperature of 28° C. for 12 days 
(average of three series). 

Carbon dioxide was produced irregularly in the same culture, and at 
different rates in media containing different treatments. The period over 
which it was produced also was influenced by the treatments. The presence 


of bacteria (acetobacter) was found to increase the carbon dioxide value; 
therefore all contaminated cultures were discarded. 

The presence of manganese, copper or zine in the medium increased the 
rate of production and the total amount of carbon dioxide produced, as 
shown in table II. 


TABLE II 


PRODUCTION OF CARBON DIOXIDE, AEROBIC FERMENTATION 
(AVERAGE OF 3 SERIES) 





CULTURE WEIGHT CO, PER CENT. OF CONTROL 


gm. per cent. 
Control 0.2770 100 


+Mn 0.6191 224 











+ Cu 0.8474 306 
+Zn 0.8102 
+Mn+Cu 1.0154 
+Mn+Zn 1.1384 
+Cu +Zn 1.1230 
+Mn+Cu+Zn 1.1657 
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Copper produced a greater effect than did manganese or zine. Man- 
ganese and zine shortened the period of production as compared with the 
control while copper extended it. The addition of either manganese, copper 
or zine to a culture not containing it resulted in an increased production 
of carbon dioxide (fig. 3). The production of carbon dioxide varied 
roughly with the number of cells present in the culture. 


1200 
1loo 
1000 
900 
800 


700 


500 


400 


Weight of CO, (mgs.). 


300 
200 
100 

) 


Con +Mn +Mn +Cu +Mn +Cu +Zn 
Fig. 3. Addition of Mn, Cu, and Zn to control medium-effect on production of CO,. 


In comparison with the theoretical yield, the quantities of carbon 
dioxide produced by all experimental cultures were low. Analysis of the 
medium showed inverted sugars to be absent in all treated cultures, and to 
be present only in traces in the control cultures, so the sucrose was evidently 
fermented as rapidly as it was inverted. To determine the effect that 
oxygen passing through the cultures might have had on the production or 
action of invertase, carbon dioxide was determined on a series of cultures 
under anaerobic conditions, imposed by using nitrogen gas to displace the 
earbon dioxide. These cultures, in comparison with similar aerobic ecul- 
tures showed a slight increase in the average daily production of carbon 
dioxide. The period of active fermentation was from four to seven days 
longer under anaerobic conditions, the extension being greatest for the 
control cultures. The result was an appreciable increase in the total pro- 
duction of carbon dioxide. A more marked increase occurred in the treated 
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cultures, with the exception of the ones receiving only copper, than oc- 
curred in the controls. Copper, at this concentration, was toxic under 
anaerobic conditions and, when present in cultures, retarded the production 
of carbon dioxide except in the cultures treated with manganese and zine. 
Table III shows the total amounts of carbon dioxide evolved under 
anaerobic fermentation of sucrose. The retarding effect of oxygen on the 
evolution of carbon dioxide is evident upon comparing table II with 
table ITT. 
TABLE III 


PRODUCTION OF CARBON DIOXIDE, ANAEROBIC FERMENTATION 








CULTURE WEIGHT CO, PER CENT. OF CONTROL 





gm. per cent. 
Control 0.3829 100.0 


+Mn 1.3552 353.9 
+Cu 


+ Zn 1.5604 











+Mn+Cu 1.4726 
+ Mn+ Zn 3.0827 
+Cu +Zn 1.4679 
+Cu +Mn+Zn 3.6579 








Invert sugar could not be detected in the medium of any culture of the 
anaerobic series. Sucrose was found to be present in all cultures in such 
quantities that when calculated to carbon dioxide, it compared favorably 
with the difference between the theoretical yield and the quantity evolved 
during fermentation, verifying the carbon dioxide determinations. Sucrose 
was fermented under anaerobic conditions as rapidly as it was inverted. 

The weights of yeast obtained under anaerobic fermentation were 
slightly less than in the corresponding aerobic cultures. Atmospheric 
oxygen did not retard the growth of yeast cells, but lowered their efficiency 
in fermenting sucrose, presumably by inhibiting the production, or inter- 
fering with the catalytic action of the enzymes, especially invertase. 

To ascertain the effect of the absence of manganese, copper and zinc 
upon zymase, anaerobic controls, each containing dextrose in an equivalent 
quantity to the sugar in the sucrose cultures were investigated. Dextrose 
could not be obtained entirely free from copper and zine, but the quanti- 
ties of these metals in the cultures were considerably below the optimum. 
Fermentation started immediately, carbon dioxide being evolved at a rela- 
tively uniform rate, averaging 0.045 grams a day, and decreasing slowly 
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as fermentation slackened. The total production of carbon dioxide in dex- 
trose control cultures averaged 0.8279 gm. This quantity was greater than 
that produced by sucrose controls, but less than that of treated sucrose ecul- 
tures. Evidently the structure of the sugar was not entirely responsible 
for the low production of carbon dioxide, normal growth of the yeast and 
production of zymase not occurring in the absence of manganese, copper 
and zine. 


Summary 


1. The sulphate of manganese, copper and zine, in small quantities, 
inereased the dry weight of yeast produced. 

2. Excessive quantities of manganese, copper and zine salts were toxie, 
resulting in decreased growth or death of the cells. 

3. Copper stimulated cell division and resulted in cells of smaller size 
than in the controls. 

4. Manganese, copper and zine stimulated production of carbon dioxide, 
copper being more effective than manganese or zine. 

5. Carbon dioxide was produced in larger quantities under anaerobic 
fermentation than under aerobic conditions. 

6. Control cultures containing dextrose gave but slightly more carbon 
dioxide than did the sucrose controls. 


KENTUCKY AGRICULTURAL EXPERIMENT STATION, 
LEXINGTON, KENTUCKY. 
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INFLUENCE OF DRY SOIL ON ROOT EXTENSION 


A. H. HENDRICKSON AND F. J. VEIHMEYER 


(WITH SEVEN FIGURES) 


Previous work at this Station (2) shows that the percentages for the 
relative wetness of soils expressed as ratios of soil-moisture contents to their 
respective moisture equivalents may be used to show the development of 
roots, and the results of adequate moisture samples, taken at proper times, 
indicate with a fair degree of accuracy the presence or absence of roots 
growing in the soils tested. It was further concluded, ‘‘that if the soil is 
wet at the beginning of the growing season to the full depth to which roots 
of plants would normally penetrate, subsequent additions of water by rain 
or irrigation, unless adverse conditions for growth are brought about 
thereby, can have but little influence on the extent of the root system de- 
veloped.”’ 

In connection with the studies from which these findings were drawn, 
the question arose as to whether roots would elongate into dry soil. SHANTz 
(6) believes that some drought resistant plants do have the ability to push 
their roots through dry soil, but that ordinary field crops do not. Magistap 
and BREAZEALE (5), also, believe that some plants will send their roots 
through dry soil and BreazEa.e (1) thinks that roots will elongate into dry 
soil because of the ‘‘build up’’ of the moisture content of the dry soil by 
water transported from the roots in moist soil. 

LIVINGSTON’s work (3) at Tucson, Arizona, shows that the roots of seed- 
lings penetrated downward when the soil was wet from the frequent 
showers of the rainy season, but there is no evidence in his report to show 
that the roots of these plants had the ability to traverse dry soils. 

In the work previously mentioned (2), it was reasoned, largely from 
theoretical considerations, that roots do not penetrate dry soils. Since the 
publication of the previous report some simple experiments have been car- 
ried out to ascertain the influence of dry soil on root extension. 


Penetration of roots through wax seals into wet and dry soil 


During the summer of 1929 a number of large cans with a capacity of 
about ten quarts, holding about 15 kilograms of soil, were filled with soil in 
somewhat the same manner as described by WEAVER, JEAN, and Crist (8). 
The bottom half of each can was filled with soil, the moisture content of 
which was brought up to a certain percentage by spraying the water on the 
mass of dry soil while constantly turning the latter until sufficient water 
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had been added to bring about the desired moisture content. The soil was 
packed in the bottom half of the container and was covered with a layer of 
wax composed of approximately 80 per cent. paraffin, 10 per cent. petrola- 
tum, and 10 per cent. beeswax. The soil used was a Yolo clay from Davis, 
California, with a moisture equivalent of about 30 per cent. and a residual 
moisture content at permanent wilting of plants, or, as we designate it, a 
permanent wilting percentage of about 14 per cent. The cans were half 
filled with soil containing 5, 10, 14, 15, 20, and 30 per cent. of moisture. 
Four cans were used for each trial. The upper half of each can above the 
wax seal was then filled with dry soil which was tamped in place, and suffi- 
cient water was added to it to raise the moisture content to the moisture 
equivalent. 

Sunflower seeds were planted in the cans, and, after the plants had 
emerged, the surface of the soil was covered with a layer of tin foil to keep 
down evaporation. Water was added to the surface of the soil from time 
to time to maintain a supply of soil moisture readily available in the upper 
half of the cans. After the plants had grown to a height of about 18 inches, 
the cans were cut with tinner’s snips and the cut portion bent down to ex- 
pose the soil. The soil in the bottom half of the cans below the wax seal was 
carefully examined for roots. 

Roots were present in those portions of the cans that contained soil that 

oe above the permanent wilting percentage. In a few of the cans with 
soils drier than the permanent wilting percentage, the wax seal between the 
two layers had not remained intact and some of the water from the irriga- 
tions applied to the soil in the upper half had seeped into the lower half. 
In those eases where it was apparent that the soil had been moistened by 
the downward movement of water through the wax seal, roots were found 
in the lower portion. No roots, however, were found in the lower layer 
when the wax seal remained intact and the soil-moisture content remained 
below the permanent wilting percentage. In a number of cases it was 
\noted that the roots actually penetrated through the wax seal, but did not 
grow more than a few millimeters into the dry soil or soil which contained 
\less moisture than the permanent wilting percentage. These experiments 
seemed to substantiate our belief that roots would not be pushed into dry 
soil; but being somewhat indecisive, because water leaked through the wax 
seals in some cases, we decided to make more reliable tests. 

In a subsequent experiment a series of wooden troughs, 180 em. long, 
15 em. deep, and 15 em. wide, lined with galvanized iron was used. The 
troughs were divided into three equal sections by partitions of 6 mm. mesh 
hardware cloth. A wax of the same composition as that previously men- 
tioned was heated and brushed onto the wire cloth which was held in place 
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in the troughs by means of cleats. Several layers of wax were brushed on, 
allowing each to cool before application of the next layer. Each trough 
was tested for leaks by filling the center section with water. These wax 
partitions suited our purpose admirably since they were flexible and did 
not crack either when the soil was tamped in place or when the soil in the 
end sections was alternately watered and dried. The sections of the 
troughs were filled with Yolo clay, the same as that used in the previous 
experiment. In some of the troughs the center sections contained soil with 
a moisture content of about 11 per cent. which was less than the permanent 
wilting percentage. In others, the soil in the center section was wet 
throughout. The end sections were irrigated and sunflowers and beans 
were planted in them. The plants were watered at frequent intervals un- 
til the end of the experiment. The center sections were covered with a 
double seal of tin foil and plate glass set in putty to prevent evaporation. 
Since there was no significant change in moisture content of the dry soils 
in the center sections of the troughs during the course of the sagnehnens, 
the indications are that roots were not present. 














Fie. 1. Galvanized iron-lined troughs, divided into three sections which are separated 
by waxed partitions and contain wet and dry soil. The sunflowers 
and beans have been allowed to wilt. 


Figure 1 shows four of the troughs 48 days after planting the seeds. 
The plants had been allowed to wilt in order to make sure that the roots 
had permeated the soil in the end sections. Figure 2 shows the same plants 
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within 2 hours after watering the soil. In one of the troughs, holes 
of about 6 mm. diameter were punched through the wax partitions for 
the purpose of insuring the passage of roots through the partition in 
case they were not able to penetrate the wax seal. The center section of 
the trough with the perforated partitions was filled with dry soil (11 per 
cent. moisture content) and no additions of water were made to it through- 














Fig. 2. The same troughs and plants shown in figure 1 after the plants were revived by 
watering. The plants recovered within two hours. 


out the experiment. To avoid the possibility of having water seep through 
the holes in the partitions into the dry center section, the plants 
were watered by means of porous clay cones or auto-irrigators of the type 
described by Livinaston (4) installed as shown in figure 3. The surface 
of the soil in the end sections of the trough was irrigated with small 
amounts of water to start the plants growing but surface applications were 
discontinued as soon as the plants appeared above ground. Water there- 
after was furnished by means of auto-irrigators. 
The seeds were planted on March 14 and continued growing until May 
1, 1930, a period of 48 days. At the end of this time the plants were cut 
off at the surface of the soil, the tin foil and glass covers were removed, and 
the troughs were cut with a hack-saw and the fronts turned down as shown 
in figure 3. The soil in the end and center sections was exposed and could 
be examined carefully for penetration of roots. Roots were found in those 
jar sections that had been wetted, but not in those that had been kept 
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Fig. 3. Trough opened 48 days after planting the seeds. The center section was packed 
with dry soil and the end sections were watered with porous clay auto-irriga- 
tors. The method of supporting the waxed partitions is shown. 
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Fic. 4. Penetration of roots through the waxed partition when there was moist soil on 
both sides. 
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\ dry. Figure 4 shows roots which have penetrated the wax partition and 
have grown into the moist soil on the other side of the partition. The re- 
\sults of these tests indicate that roots will not grow into soil which contains 
less moisture than the permanent wilting percentage. 














Fic. 5. The waxed wire basket with sunflower and bean plant which had been sur- 
rounded with dry soil for 47 days. Roots penetrated the wax seal but 
extended only a few millimeters into the dry soil. 
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A slightly different type of experiment was carried on at the same time 
as that in the troughs just described. A wire basket was made of hard- 
ware cloth and perforated plate bottom (fig. 5). The basket was coated 
with several layers of the wax, thus forming a flexible but water-tight con- 

















Fic. 6. The can containing the waxed wire basket with the plants was cut to expose soil. 
The roots came through the wax seal and grew into the soil on the outside of 
the basket which had been kept moistened for about 45 days. 
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tainer through which the roots could penetrate. The basket was then filled 
with the same kind of Yolo clay as that used in the troughs and was placed 
in a large sheet-metal can. Yolo clay with a moisture content of about 11 
per cent. was packed around the basket. Water was added to the soil in 
the basket, but the soil outside was kept dry. Sunflower and bean seeds 
were planted in the basket on March 14, and after 47 days, the sunflower 
plants were as tall as those shown in figure 2. The plants were wilted 
which indicates that the roots had penetrated the entire soil mass within 
the basket. The basket was removed from the can to ascertain whether 
roots had been pushed into the dry soil which had surrounded the basket 
for a period of 47 days. Figure 5 shows the basket removed from the can. 
A few roots had penetrated the wax seal but had not pushed into the dry 
soil. The tips of these roots projected not over a few millimeters from the 
surface of the wax in about the same way that the roots had penetrated the 
wax seals in the troughs and in the 10-quart cans. 

The wire basket was replaced in the can and again surrounded with dry 
soil. The soil inside the basket was watered, and the plants revived and 
continued to grow. Watering the soil inside the basket was discontinued 
after about two weeks and, instead, the soil on the outside of the basket was 
irrigated. The soil inside the basket dried out, but we were able to keep 
the plants from wilting by watering the soil outside. 

On August 1, or about 45 days after the soil surrounding the 


wire basket was first wetted, the can was cut and the cut portion turned 
down to expose the soil as shown in figure 6. By August 1, the sunflower 
plants had matured and were cut off at the surface of the soil, but a bean 
plant remained. The roots had penetrated the wax seal and had grown 
out into the moist soil as evidenced by figure 6. 


Distribution of roots as affected by auto-irrigators 


The trough in which the porous clay auto-irrigators were installed also 
afforded us an opportunity to observe the distribution of roots as affected 
by these devices. Figure 7 shows that roots accumulate in the soil which 
is moistened in the immediate vicinity of the irrigators, but not in the other 
portions. There were many roots around the irrigators, a comparatively 
few between, but none were pushed through the perforated waxed parti- 
tions into the dry soil in the central section (fig. 3). As mentioned be- 
fore, the surface of the soil in this trough was wet in order to start the 
plants growing, but thereafter water was supplied only by the auto-irri- 
gators. Figure 7 also shows that only a relatively small portion of the soil 
was moistened by the irrigators. We believe the condition illustrated in 
figure 7 is typical of that which probably will be found in soils moistened 
by auto-irrigators. 
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Fie. 7. Matted roots around the porous clay auto-irrigators. 


These devices have been used by a number of investigators for the pur- 
pose of maintaining desired moisture contents of soils. The usual arrange- 
ment is to place a U tube containing mercury between the irrigator and 
the source of supply, as the moisture content of the soil is thought to be 
dependent upon the resistance against which the water must be drawn. We 
believe, however, that increasing the resistance simply results in decreasing 
the amount of soil wetted during the time usually allowed for grow- 
ing plants, but does not result in wetting the soil in the container to a uni- 
form moisture content, which is controlled by the resistance. SHaw (7), 
also, points out that the soil does not supply any of the ‘‘suction’’ force 
but functions the same as though it were lifting water from a free water 
surface. The development of roots of plants in containers at different soil- 
moisture contents could be studied accurately if it were possible to main- 
tain a uniform soil-moisture content. However, we have been unable to 
maintain a uniform moisture content in soils on which plants are growing. 


UNIVERSITY OF CALIFORNIA, 
DAVIS, CALIFORNIA. 
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COMPARISON OF METHODS OF DETERMINING MOISTURE IN 
CORN TISSUES? 


J. D. SayvyRE and V. H. MORRIS 
(WITH ONE FIGURE) 


Introduction 


A series of studies on the physiology of the corn plant has involved a 
large number of moisture determinations. There has been wide variation 
in the moisture content of the various tissues and they undergo changes 
in moisture content along with seasonal development. Many of the mea- 
surements made in physiological studies involve calculations based either 
on dry weight or on the amount of sap in the tissue. It is important, there- 
fore, to have simple rapid methods which will measure moisture content 
accurately. 

Four different methods of determining moisture content have been used 
at different times and for different purposes. These methods involve sap 
expression, toluene distillation, air drying, and alcoholic extraction. Al- 
though the methods had been checked against each other several times it 
was desirable to carry out a more comprehensive comparison. 


Material 


A single variety of corn, Burr-Leaming, was used and the samples con- 
fined chiefly to leaf and lower-stem tissues, these differing widely in mois- 
ture content. The comparison was carried out with 16 samples taken on 
eight different dates from July 7 to Sept. 8, 1930. 

The corn tissue was prepared for analysis by passing approximately one 
kg. through a food grinder. From this, comparable samples were weighed 
out and the moisture content determined in duplicate by the different 
methods. 


Methods 


Sap expression.—The total moisture content of fresh corn tissue may 
be determined conveniently in studies which involve the expression of cell 
sap. It is necessary, however, that the type of press cage used allow com- 
plete recovery either of the press cake or of the expressed sap. The type 
of hydraulic press and press cage used in this study has been previously 


1 Based on investigations cooperative between Division of Cereal Crops and Diseases, 
Bureau of Plant Industry, United States Department of Agriculture and the Depart- 
ment of Agronomy, Ohio Agricultural Experiment Station. 
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described (4). In using this press 100 gm. of the samples were placed in 
the cage and the sap expressed at a pressure of 5,000 lb. per sq. in. The 
press cake was removed completely and weighed, the difference between 
this weight and 100 being the weight of the sap expressed. The quantity 
of moisture remaining in the press cake was determined by drying in an 
oven. The moisture content of the expressed sap was found by subtract- 
ing the total solids content as determined by a corrected refractometer read- 
ing from the total weight of sap expressed. The total moisture content of 
the original tissue then was the sum of the moisture remaining in the press 
cake and that in the expressed sap. 

Toluene distillation—A modification of the toluene distillation method, 
described by Bmwetu and Sreruine (1) and applied to plant tissue by 























Fie. 1. Apparatus for determining moisture content of plant tissue by toluene distil- 
lation. 
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GILBERT (3), has been used extensively and successfully with corn tissue. 
The apparatus, modified for use with plant tissue containing large amounts 
of moisture, is shown in figure 1. In making the determination, 50 gm. 
of the sample were placed in a one-liter Erlenmeyer flask and covered with 
toluene. The flask was then connected to the apparatus for distillation 
and the contents of the flask brought to boiling over an electric ring heat- 
ing unit. The mixture of toluene and water vapor passes through the tube 
into the condenser and, on condensing, drops into the receiver. This is a 
50-ml. graduated cylinder calibrated in 2/10 ml. The water settles to the 
bottom and the quantity can be read directly. 

Air drying.—tThe determination of moisture content by air drying was 
carried out by spreading a 50-gm. sample in a thin layer in a tray and 
placing it in a dry room maintained at about 48° C. After drying several 
days the residue was weighed and the moisture found by difference. It was 
necessary to use samples of at least 50 gm. due to the variability of the 
tissues, as well as to carry out a large number of determinations simulta- 
neously. These conditions precluded the use of a small air oven or vacuum 
oven. 

Alcoholic extraction—In determining the moisture content of tissues 
preserved and extracted with 80 per cent. alcohol the usual procedure was 
followed, using 50-gm. samples. The total dry weight of the alcohol extract 
and that of the residue were determined and the moisture content found 
from the difference between the sum of these and the original green weight 
of the sample. 


Results 


The percentages of moisture as determined by the different methods are 
shown in table I, the duplicate determinations being entered in columns 
a and b under each method. The four methods were then compared with 
regard to: (1) agreement in determining the mean moisture content of all 
samples, (2) agreement in determining the moisture content over the entire 
range represented by the samples, and (3) the relative precision of the 
different methods in determining the moisture in duplicate samples. The 
comparisons are made in table II. 

The mean of the 16 samples, as shown in table II, was 79.07 per cent. 
for sap expression, 79.18 per cent. for toluene distillation, 78.48 per cent. 
for air drying, and 78.95 per cent. for alcoholic extraction. The significance 
of the differences among these means was tested, using FisHEeR’s (2) 





formula t= =V" and the probability tables given by Stupent (5). The 


odds were 332: 1, 66:1, 332: 1 against random differences as large as those 
between the means determined by air drying on the one hand and those 
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TABLE II 


COMPARISON OF FOUR METHODS OF DETERMINING MOISTURE CONTENT OF CORN TISSUE 














MerHop | Sap TOLUENE | AIR ALCOHOL 
EXPRESSION DISTILLATION DRYING EXTRACTION 
| 
per cent. | per cent. | per cent. per cent, 
Mean moisture content... | 79.07 79.18 78.48 78.96 
Significance of difference | 
between meane................. Odds | Odds Odds Odds 
Sap expression.) cnn 2:1 332:1 S34 
pes I ft er ae 66:1 4:1 
Aleoholie extraction, ©0000 wu pO Rahe 332:1 
i 
| 
Product moment  coeffi- } 
cient of correlation......... r | r r r 
Sap expression............. lige pe 0.986 + 0.005 | 0.995 + 0.002 | 0.993 + 0.003 
Temone @aeusGoe jks. Pe ee 0.988 + 0.004 | 0.992 + 0.003 
wieememe Geant ik i ee 0.997 + 0.001 a 
| per cent. | per cent. per cent. per cent. 
Standard errov............ | 0.34 0.35 0.33 0.20 











determined by sap expression, toluene distillation, and alcoholic extraction, 
respectively. 

It is probable that the lower moisture contents indicated by air drying 
were due to the way in which the method was used. If the samples had 
been subjected to further drying at a higher temperature, or in a vacuum 
oven, better results might have been expected. 

The differences among the means as determined by sap expression, by 
toluene distillation, and by alcoholic extraction were such as well might be 
due to chance, the odds not exceeding 4:1 in any comparison. It may be 
concluded, therefore, that these three methods are in excellent agreement. 

The product moment coefficients of correlation for moisture content in 
the different samples as determined by the different methods ranged from 
0.986 to 0.997. These are so close to perfect correlation as to show conclu- 
sively that the methods could be used interchangeably within the limits of 
variation as to kind and stage of tissues used which obtained in these 
experiments. 





Ld? 


of the different methods. In this formula Sd? indicates the sum of the 
squared deviations of the duplicates from their mean for each of the 16 


samples; m is the number in a group, here the two of each pair; and n is 
the number of samples. As shown in table II, the standard error for the 
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alcoholic extraction method, 0.20 per cent. is less than that for the other 
three methods, i.e., 0.34 per cent. for sap expression, 0.35 per cent. for 
toluene distillation, and 0.33 per cent. for air drying. Even these latter 
errors are less than one-half of one per cent. of the total moisture content; 
so all of the methods are satisfactory from this point of view. 


Discussion 


It is apparent from these results that choice among these methods of 
moisture determination for any particular physiological investigation will 
depend on their relative convenience in that investigation, the equipment 
available for the work, and the kind of tissue being used. The toluene dis- 
tillation method can be used on any kind of tissue, while the sap expression 
method is limited to tissues from which the sap can be expressed. The 
alcoholic extraction and air drying methods can be used for any type of 
tissue. It is necessary to spread the material out in a thin layer for proper 
results by the air drying method. 

If expressed sap is to be used for physical or chemical measurements, 
the moisture content of the tissue can be determined incidentally to that 
procedure, provided the right kind of press cage and hydraulic press are 
available. If plant tissue is to be analyzed by the alcoholic extraction 
method, the moisture content can be determined very accurately on the same 
samples. In other investigations, toluene distillation may be most con- 
venient. Distillation may be immediate, in which case the data are avail- 
able in less than three hours after sampling, or the flasks may be carefully 
stoppered after adding the toluene and distillation postponed indefinitely. 
Finally, in investigations in which the tissue is dried, as for mineral 
analysis, the moisture content can be determined nearly as accurately as 
by the other methods. 


Summary 


A comparison of four methods of determining the moisture content of 
corn tissue indicates : 

1. The alcoholic extraction method was less variable than the sap expres- 
sion, toluene distillation, or air drying methods. 

2. The differences in moisture content due to differences in kind of 
tissue and to seasonal changes as measured by the four methods were 
almost perfectly correlated (r=0.986 and over). 

3. The air drying method indicated a significantly lower moisture con- 
tent than any of the other methods. The differences were small, however, 
and may have resulted from the specific technique employed. 

4. Sap expression, toluene distillation, and alcoholic extraction all indi- 
cated an almost identical moisture content within very narrow limits of 
random sampling. 
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The authors are indebted to Mr. F. D. Ricuey, Principal Agronomist in 
Charge of Corn Investigations, Division of Cereal Crops and Diseases, for 
suggestions and criticisms of the statistical analysis of data presented in 
this paper. 
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EFFECTS OF HIGH SOIL MOISTURE AND LACK OF SOIL 
AERATION UPON FRUITING BEHAVIOR OF 
YOUNG COTTON PLANTS* 


W. B. ALBERT AND G. M. ARMSTRONG 
(WITH ONE FIGURE) 


Introduction 


An unusual shedding of very young cotton fruit buds was observed 
during the early part of the fruiting season in 1928 in the coastal section 
of South Carolina. This phenomenon was an important factor in limit- 
ing crop yields in many areas throughout that section. The young buds 
turned a distinct brown color and were aborted in most cases at the ages 
of one to five days. The greatest shedding of fruit buds usually occurs 
later in the season at ages of approximately six to eight days, the buds 








Se 


Fig. 1. Stalk no. 1 shows practically normal fruiting as compared with stalk no. 2 from 
which all early squares have aborted. Stalk no. 1 has one boll, 1 bloom, 
28 squares. Stalk no. 2 has six squares. 
1 Technical contribution (New Series) no. 5 from the South Carolina Agricultural 
Experiment Station. 
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generally having a lighter green color than normal. Figure 1, taken from 
the Annual Report of the South Carolina Experiment Station for 1928 (1), 
shows an affected and a healthy plant. This injury is similar to that 
caused by the cotton flea hopper, Psallus seriatus Reuter, but repeated 
examinations by entomologists failed to reveal the presence of these insects. 

Relatively low temperatures and frequent rains, which resulted in the 
soil being near the saturation point, occurred during the period of bud 
abortion. This suggested that poor soil aeration might influence materially 
the fruiting behavior of young cotton plants in the field. A survey of the 
effect of aeration on the root development of a variety of plants has been 
presented by CLEMENTs (5). CaNNoNn (4) has pointed out the importance 
of temperatures in studying root behavior in various concentrations of 
oxygen. It was observed that normal root growth in several species of 
Gossypium occurred in soil atmospheres containing eight per cent. oxygen 
but that growth ceased when the concentrations of oxygen were below two 
per cent. Carbon dioxide injury to roots was related to the ages of the 
roots and also to the stage of development of the plant. WraAveErR and 
CLEMENTs (8) present a general discussion of the importance of soil aera- 
tion to root growth. WEAVER and Himmet (9) report earlier production 
of flower stalks on Typha in a drained and aerated soil than in a water- 
logged soil. 

The results reported in this paper were obtained from a study of some 


of the direct and indirect effects of high soil moisture upon the fruiting 
behavior of young cotton plants. 


Experimental methods 


Cotton was grown on two plats of Norfolk fine sandy loam soil, each 
with about 250 plants spaced 12 inches apart in four-foot rows. An un- 
treated plat served as a check, the other plat receiving approximately two- 
thirds of an inch of tap water daily, except on rainy days when no tap 
water was applied. The tap water was applied with a hose in the after- 
noon. An attempt was made to keep the soil of the flooded plat at or near 
the saturation point. The fruiting record of each plant on both plats 
included the appearance of fruit buds and their subsequent shedding or 
production of bolls. The soil moisture content, hydrogen ion concentra- 
tion, nitrate content, carbon dioxide and oxygen content of the soil air of 
both plats was obtained at various intervals. Tests for nitrites, ferrous 
and ferric iron of the soil solution were also made at various times. Col- 
lodion bags as described by Prerre and Parker (6) were used to obtain 
diffusates for making nitrate determinations by the phenoldisulphonie acid 
method (2) and for hydrogen ion determinations by means of a Hellige 
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comparator. Soil air from the two plats was obtained with a device simi- 
lar to that described by Russet and ApPpLEyARD (7) and was always ob- 
tained at a depth of six inches. 

The applications of water were begun at the appearance of the first 
fruit buds and were discontinued when appreciable numbers of blooms 
were present. 

Results 


The total fruit bud production and the percentage of bud and boll 
shedding at various periods are given in table I. It will be noted that the 
production of fruit buds was greater and the percentage of shedding less 
in the check plat than in the flooded plat, the total percentages of shedding 
being 8.0 and 15.1, respectively. The percentage of shedding was greatest 


TABLE I 


FRUIT BUD PRODUCTION AND BUD AND BOLL SHEDDING AT VARIOUS PERIODS 








FLOODED CHECK 





Con ‘f 
-ONDITION OF PLANTS TOTAL niente ToraL 


SHEDDING 
NUMBERS NUMBERS 





per cent. per cent. 
Plants 





Fruit buds produced 


Fruit buds shed 1-10 days after ap- 
pearance : 3.3 





Fruit buds shed 11-20 days after ap- 
pearance 4 4.0 





Fruit buds shed between 21 days and 
bloom 94 ; 0.6 








Bolls shed 10 4 0.05 














Fruit buds and bolls shed, all ages... 763 5. 504 8.0 





on both plats when fruit buds were between 10 and 20 days of age. It 
should be recalled that in 1928 the abundant shedding of fruit buds oc- 
curred when they were from one to five days of age. If the numbers of 
fruit buds shed at ages of one to 10 days in this experiment are calculated 
as percentages of the total which were shed, it is found that 32.5 per cent. 
were lost on the flooded plat in contrast to 41.1 per cent. on the control or 
check plat. After the fruit buds were 10 days of age, the percentage of 
shedding was greater on the flooded than on the check plat. 

Table II gives the number of fruit buds that appeared during each 
period, the number that shed during these periods, and also the percentage 
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TABLE II 


TOTAL NUMBER OF FRUIT BUDS PRODUCED, TOTAL NUMBER OF FRUIT BUDS SHED, AND PER- 
CENTAGE OF SHEDDING FOR EACH PERIOD CALCULATED ON A BASIS OF 200 PLANTS 








FLOODED CHECK 





NUMBER NUMBER NUMBER NUMBER 

OF OF SQUARES OF OF | SQUARES 
SQUARES | SQUARES SHED SQUARES | SQUARES | SHED 
PRODUCED SHED PRODUCED SHED | 








per cent. per cent. 
June 2 29.9 74 19.8 


June : 17.7 92 |} 25.1 
June 15 ( 22.0 3% | 28.4 
June 2 y 2 : 19.2 
June 27 2 23. 16.4 





June 2 5: 21. 15.6 





June 5 ; y 9.3 
June 27 and ‘ 
June 29 and July 1 é 3° 2 : 9 


July 2 23 9.8 § é 3.1 
July 5 2 5. 3.4 
July g 5 76 1.5 
July 10 and 11 : : 7 : 1.6 























of shedding. It will be noted that the percentage of shedding was appre- 
ciably greater on the flooded than on the check plat for each period with the 
exception of June 13 and June 15, which was shortly after the applications 
of water were begun. 

Table III shows the percentages of moisture in the top soil of the con- 
trasted plats, the percentages of oxygen and carbon dioxide in the soil air, 
and the percentages of shedding on each plat for the various periods. The 
percentages of oxygen in the soil air were consistently lower and the per- 
centages of carbon dioxide higher in the flooded plat than in the check plat. 
The soil of the flooded plat usually contained more moisture than that of 
the check plat, the one notable exception occurring in the period June 
27-28 when there was a heavy rainfall. Soil samples were taken just be- 
fore the water was applied to the flooded plat, so that the percentages of 
soil moisture given in table III were the lowest to which the plants of that 
plat were subjected. 








Il pue of Arne 
6LT - 6 pue g Aine 
90°¢ g pue ¢ Ajne 
L8'T g pue g Aine 
8L°S | [ Ange pue ¢z oune 
68°C i puv sz oune 
68°C pue cg oune 

seems 5 UN 
oune 





Ss"0 | £3 
scans “~ ee oun 

Z0'r - Seay soon Fe OU 
connec Oe OUP 

6L oune 
gt oune 
LT oun 
GT oung 
fT ounge 
eT oune 
eel ees art Ya 


Z 
iS) 
> 
& 
> 
eo 
a 
° 
= 
< 
> 
“i 
bo 
= 
= 
S 
Z 
> 
~ 
a 
ea) 


86. 6°63 ' TT oune 
"uaa sad *quaa0 sad *yua0 sad *quaa sad *,ua0 sad ‘quad wad "uaa sad *quao sad 





DNIG aIV 'II0S 4IV IOS | AYNLSION uIvV T1108 | 4IV 10S | TUNLSION 
NI*OO NI‘O 10g NI*OO NI‘*O 


MOTHO aaaoo'l,y 





























ALBERT AND ARMSTRONG 


SGOMMGd SNOTHVA AO SADVENANNAd DNIGGAHS AMG 
HLIM GIUVdNOO SLV'Id Gilda AO ULV NOS JO LNALNOO NADAXO GNV “ACTXOIG NOUV) “AYALSION ‘10S oO SUDVINGON | 


Til WIaViL 








590 PLANT PHYSIOLOGY 


The hydrogen ion determinations and the nitrate analyses showed no 
significant differences. Nitrites were never present in more than traces. 
Tests for iron in the ferric and ferrous form in the collodion bag diffusate 
were always negative. 

Experimental work on flooding carried out in greenhouse soil beds gave 
results similar to those presented, and the data are omitted. 


Discussion 


The shedding of fruit buds in this experiment did not occur at the same 
stages of bud development as that reported in 1928 (1), which suggests 
that the physiological responses of plants in this experiment were different 
from those of the field plants of 1928. Since warm, clear weather predomi- 
nated throughout this experiment, in contrast to cool, cloudy weather in 
1928, a different response might be expected. It should also be mentioned 
that the water-logging of the soil in this experiment did not occur until 
shortly after fruit buds appeared whereas this condition was present for 
some time before their appearance in 1928. The data show, however, that 
an increased percentage of fruit bud shedding and a retardation in plant 
growth were associated with poor soil aeration induced by the maintenance 
of a high moisture content. The percentage of oxygen in the unflooded 
soil air was only slightly less than that of normal air, in contrast with the 
soil air of the flooded plat which was appreciably lower than that of the 
atmosphere. According to CANNON (4), normal root growth will occur 
with an oxygen concentration of eight per cent. in the soil air. At only 
one time during this experiment was the concentration of oxygen in the 
flooded plat lower than eight per cent. The percentage of carbon dioxide 
in the soil air of the flooded plat varied considerably but was usually two 
to three times that of the check plat. It should be mentioned that samples 
of soil air were always obtained just before flooding, so that the percentage 
of carbon dioxide was probably at the lowest and the percentage of oxygen 
at the highest for the interval between times of sampling. The concentra- 
tion of carbon dioxide in the soil air that interferes with the growth and 
functioning of the roots of cotton plants is not definitely known. The work 
cited by CLEMENTs (5) would seem to indicate that concentrations of three 
to five per cent. of carbon dioxide might influence root development and 
function, thus leading to the decrease in fruitfulness and the increase in 
fruit bud abscission which occurred in this experiment. Batus (3) noted 
that raising the water table of irrigated Egyptian cotton fields was accom- 
panied by an increased shedding of fruit. To determine more specifically 
the independent effects of soil aeration on cotton fruit bud development, 
experiments should be conducted in which temperature and light in addi- 
tion to moisture and gas content of the culture medium are controlled. 
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Summary 


1. A larger percentage of fruit buds was shed from cotton plants grown 


under conditions of high soil moisture content than from plants grown 
under more nearly optimum conditions of soil moisture. 


2. The percentage of oxygen was lower and the percentage of carbon 


dioxide was higher in the soil of the flooded than of the unflooded plat. 


3. A high percentage of carbon dioxide and a low percentage of oxygen 


in the soil air were associated with an increase in the percentage of shed- 
ding of fruit buds. 


bo 


“I 
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BRIEF PAPER 


PROOF OF THE ESSENTIAL NATURE OF COPPER 
FOR HIGHER GREEN PLANTS 


(WITH TWO FIGURES) 


In connection with experiments reported in this journal’ by A. L. 
SomMER and the senior author one experiment was conducted to determine 
whether or not copper is essential to the higher green plants. In that 
experiment flax was used as the experimental plant, and a series of cultures 
was run in culture solutions containing no copper with a parallel series the 
same in all respects except that 0.125 ppm. of Cu was added in the form 
of CuSO,. The plants in the two series grew equally well until the time 
of blossoming arrived, when it was noted that those in the series without 
Cu bloomed much less than the plants in the other series, but particularly 
that no plant deprived of Cu produced any seed capsule or seed. Since 
there were many plants in each series, and since every plant receiving Cu 
produced many seeds it appeared that the results were so striking as not 
to be accidental. Nevertheless, the senior author decided to run an experi- 
ment with another type of plant before reporting on the results. It did 
not prove feasible to start such an additional experiment until last fall. 
At that time the experiment described below was begun, and barley 
(Hordeum vulgare) instead of flax was tested. Since the experiment with 
barley was almost strictly parallel in its technique with that of the flax 
the details of the latter experiment will not be given, in the interest of 
economy of space; but the technique of the experiment with barley is given 
in detail, owing to the striking agreement of the results in the two cases, 
which prove, so far as we are aware, for the first time the definite need by 
plants for the element Cu, which must now be added to the steadily growing 
list in recent years of chemical elements essential to plants. 


Experimental technique employed 


The plants weré grown in 2 liter Pyrex beakers in solutions of the fol- 
lowing composition. Each beaker received: 


KNO, 1,600 milligrams 

KH,PO, 300 4 

MgSO, : 7H,0 1,000 * 

NaCl 25 * 

MnSO, : 7H,O 3 i 

Al, (SO,); 1 % 

ZnSO, 1 

H,BO, 1 . 

CaSO, 300 ee. of a saturated solution 
Na,Si0, i - ws 
FeSO, as needed 


1 PLANT PHYSIOL. 1: 1926. 
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The salts used were recrystallized several times and tested for the pres- 
ence of Cu by the pyridine colorimetric method.? The limit of impurity 
with respect to Cu for each culture was determined to be less than 0.01 ppm. 
of Cu. The non-absorbent cotton plugs used to support each seedling 
showed no trace of Cu after remaining over night in dilute H,SO, solu- 
tion on the steam bath. The culture solutions were renewed once only 
during the experiment and viz. about 6.5 weeks after the commencement 
of the experiment. 

Four barley seedlings were set out in each beaker and were approxi- 
mately 6 em. high at the start. Ten such beakers were used as controls to 
which no copper was added. Five beakers received each enough CuSO, 
to make a concentration of 0.0625 ppm. Cu (0.125 mg. Cu) and five more 
beakers received each enough CuSO, to make a concentration of 0.125 ppm. 
Cu (0.25 mg. Cu). 


Observations on the cultures 


The experiment was started on the 6th of November, 1930, and the 
following notes were made during the course thereof : 

14th November. All plants in the three series look about the same. 
No evidence of toxicity of either concentration of Cu employed. 

5th December. Plants receiving Cu seem to have longer and more 
vigorous roots than those receiving no Cu, but all plants and roots appear 


healthy. 

23rd December. All culture solutions were renewed. New solutions 
were of the same composition as the old. 

5th February. Plants in series receiving copper beginning to head out, 
but no heads in control cultures. 

6th February. All plants in series receiving copper have heads, but 
only three plants in the control series show heads. 

12th February. All plants have produced heads in all series. 

20th February. No anthers visible in flowers of plants in control 
series, but plentiful in those of series receiving Cu. 

20th March. Grain is well set in all plants receiving Cu, but apparently 
none in plants of the control series. 

24th March. All plants were harvested. 

During the period December to March the plants were attacked several 
times by aphis. Tobacco fumigation disposed quickly of these attacks. 
On the other hand, owing to many cloudy days during the same period, all 
plants suffered to some extent from attacks of mildew which, to avoid com- 
plications, was not treated. Artificial illumination, in addition to sunlight, 


2 Jour. Biol. Chem. 81: 1929. 
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was resorted to during January and part of February because of deficiency 
in sunshine and short periods of daylight. 


Results of the experiment 


In order to set forth briefly the results of the experiment we have 
arranged in table I the essential data. Comments on these follow. 

The most striking feature of the data in table I is that dealing with head 
production in the barley plants. While apparently there is no significant 
difference as between the control plants and those receiving Cu in regard 
to the number of heads which emerged it is perfectly clear that the flowers 
of all plants in the control series were atrophied, whereas all plants receiv- 
ing Cu produced good grain. In order to emphasize this point we accom- 
pany this paper with photographs, figures 1 and 2, which show some of the 
heads produced in each series of plants, the best and poorest heads having 
been chosen from each series so as to show the range of variability in addi- 
tion to the main point of the demonstration. It will be noted. that the 
heads in all series are small. This is attributable to the poor growing con- 
ditions of the winter season and the attacks of mildew on the plants, as well 
as to the impossibility of growing perfect plants to maturity in two liters 


Fig. 1. Photograph showing the best and poorest heads produced in the absence of 
copper in the culture solution. 
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Fic. 2. Photograph showing the best and poorest heads produced with varying amounts 
of copper in the culture solution. (See table I.) 


of solution changed only once in the growing season. But there is no room 
for doubt that barley plants (and as above indicated, also flax plants) will 
not produce seed without Cu in the root medium. The next point which 
should be emphasized in connection with the results in table I is the dis- 
tinetly favorable effect exerted by Cu on root production. While the root 
and top production seems to be reversed in amount in the plants with and 
without Cu it should be noted that this is true only when the weight of the 
grain is not taken into account. Apparently the leaves and stalks of plants 
producing no grain contain more dry matter than those of plants produc- 
ing good grain, but the weight of the grain is, on the other hand, infinitely 
greater in the plants receiving Cu than in those receiving no Cu. Even 
so, however, and in spite of the great variability in dry weight production 
between the individual cultures, the plants receiving Cu have produced 
more total dry matter than those not receiving it. It seems also to be be- 
yond the pale of accident that as regards dry matter production the plants 
receiving the larger quantity of Cu produced more dry matter than those 
receiving the smaller quantity of Cu and also that this holds similarly for 
root production. Before proceeding to a summary of this experiment, 
attention should be drawn to the striking difference between the top-root 
ratios of the several cultures. The high top-root ratios in the control eul- 
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tures emphasize again the smaller root development in plants receiving no 
copper. 


Discussion 


The experiment described above proves conclusively that copper is 
essential to the welfare of the barley plant, and in view of the fact that 
similar results were obtained earlier with flax the presumption is strong 
that such a need for Cu is common to the higher green plants in general. 
While the results would seem to indicate the conclusion that Cu is necessary 
only for normal flowering and seed production, such a conclusion cannot 
be accepted without reservations. It must be remembered that the seeds 
in all series contained copper. The salts and the water used contained a 
trace of Cu, even though the salts were very pure and the water carefully 
redistilled before use. A trace of copper may have been present from solu- 
tion of the glass. Most important of all, small quantities of Cu must have 
entered the solution from dust particles falling on the paraffined plaster 
of Paris covers used to hold the plants and cover the beakers. The appre- 
ciable quantities of Cu which must thus have been at the disposal of every 
culture whether Cu was added intentionally or not renders it probable that 
Cu is essential not only to seed production but to the growth of the plant 
in all stages. This view is somewhat strengthened by the behavior of the 
roots in the control cultures. We predict that it will be possible to show 
the essential nature of Cu to growth of the plant in any stage by excep- 
tional purification of salts and water, by the total elimination of dust, and 
by the amputation of as much of the seed after germination as possible. It 
is highly probable that if Cu were needed by plants to the extent to which 
Zn and B are needed by them, it would be possible to show the effects of 
lack of Cu on plants to be parallel to those shown by SomMER and Lipman 
in the paper cited above for the other elements. 

It is singularly remarkable that with all the difficulties attaching to the 
technique of such experimentation it is still possible to show so strikingly 
the effects of the presence or lack of an element like Cu which plants re- 
quire in such very small quantities, and when quantities of Cu above 0.25 
ppm. in the medium have been shown in our earlier experiments to be dis- 
tinetly toxic. The range in the amounts of Cu between those which are 
essential to plants and those which are toxic is very narrow indeed. 

As regards the function of Cu in the plant cell, we are as much in the 
dark as we are about the specific functions of the other chemical elements 
which are essential to plants. There is ample evidence in the literature on 
the universal occurrence of Cu in plant tissue. We give conclusive evi- 
dence above that such presence of Cu in plants serves an essential purpose 
therein. But it still remains to be shown what essential purpose it serves. 
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In this respect we face one of the most difficult of many difficult problems 
in the mineral metabolism of plants. We are wholly ignorant of the spe- 
cific functions of any of the essential chemical elements which do not them- 
selves enter into the structure of molecules of organic matter. 


Conclusions® 


1. Barley plants are shown to be unable to produce seed without the 
presence of a small quantity of Cu in the root medium. 

2. This does not prove necessarily that Cu.is essential to seed produc- 
tion per se. Discussion is given to show that another conclusion is possi- 
ble, namely, that Cu is essential to every phase of plant growth. 

3. This confirms similar work carried out several years ago in this lab- 
oratory with flax plants with similar results. 

4. One-sixteenth to one-eighth of a part per million of Cu in the root 
medium is sufficient to give the results noted above. 

5. Other points pertinent to the experiment are discussed.—C. B. 
LipMAN and G. MackInney, University of California. 


3 After the manuscript of this paper was in the hands of the editor we learned of 
the paper on the same subject by A. L. Sommer which appeared in the April issue of 
PLANT PuHysioLocy. In view of the fact that we were not aware of Dr. SOMMER’S 
work, it is interesting to note the confirmation of these two investigations by each other. 
It is particularly interesting, in view of Dr. SomMER’s results, to read again our dis- 
cussion of our own results which was written without a knowledge of the results obtained 
by Dr. SOMMER. 





NOTES 


Annual Election.—The Secretary of the American Society of Plant 
Physiologists has announced the election of the following officers for the 
year 1931-1932: President, Dr. W. E. TortincHam, University of Wiscon- 
sin; Vice-President, Dr. R. B. Harvey, University of Minnesota. The 
Society should continue its splendid growth during the coming year with 
this vigorous leadership. 


Pasadena Meeting.—The summer meeting of the Society, held at Pasa- 
dena in conjunction with the meeting of the American Association for the 
Advancement of Science, was well attended by members in the Pacific 
Coast and Rocky Mountain regions, and those reading papers were greeted 
by audiences numbering 60-80. Dr. D. R. Hoaauanp presided over the 
meeting. The arrangements were quite satisfactory except that a meeting 
of physiologists happened to be scheduled at the same time as a valuable 
symposium on photosynthesis and photochemical reactions held by the 
chemists. These occasional conflicts emphasize the desirability of having 
the programs of all sections and societies correlated, and coordinated, 
through some central agency. This sort of supervision might be exercised 
by the A. A. A. S., if the various societies did not feel that their rights were 
being invaded by such suggestive supervision. The central office is the 
only one which receives full information as to programs of all groups, and 
is, therefore, the logical source of help in avoidance of conflicts. 

Pasadena provided perfect climatic conditions for the meetings, and the 
excursions to points of interest about Pasadena, Los Angeles, Hollywood, 
Santa Monica, the Mount Wilson Observatory, ete., were greatly enjoyed 
by everyone. 


Committee on Incorporation.—A committee was appointed some time 
ago by Dr. H. R. Kraysiuu, President of the Society, to study the advan- 
tages and disadvantages involved in the incorporation of the American 
Society of Plant Physiologists. The committee consists of Dr. WALTER 
THomas, chairman, Dr. B. E. Livinaston, and Dr. J. B. Overton. The 
committee is expected to report its findings at the next annual meeting, in 
New Orleans, and this report will serve as a basis for discussion and possi- 
ble action at that time. 


Lantern Slides of Plant Physiologists.—On various occasions attention 
has been called to the historical heritage of plant physiology, a priceless 
asset of this branch of botanical science. Several important steps have 
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been taken to build up a knowledge and appreciation of this history, and 
to create an interest in the great personalities associated with the rise of 
plant physiology to its present position. 

It is appropriate to call attention here to the possibility of securing lan- 
tern slide portraits of some contemporary physiologists, as well as of the 
great leaders of the past. Institutions or individuals who may be inter- 
ested in securing them at moderate cost, can select from a list of 80-100 
names by writing to Dr. R. B. Harvey, University Farm, St. Paul, Minne- 
sota. The current cost is about 50 cents per slide. 


Purdue University Section—The Purdue University Section of the 
American Society of Plant Physiologists held their annual Spring dinner 
meeting on Tuesday evening, April 7, 1931. The local section had as the 
guest of the occasion, Dr. Epcar NELSON TRANSEAU, Head of the Depart- 
ment of Botany, Ohio State University. Dr. TraNseau spoke on ‘‘The 
Prairie Peninsula,’’ and illustrated his discussion with many lantern slides. 
The lecture was very interesting, and created much comment and discus- 
sion. 


Agronomy Building at Wisconsin.—A four-story building is now 
under construction at the University of Wisconsin, to house the work of 
the Agronomy Department, the Department of Plant Pathology, and the 


State Seed Division. This building will be well equipped for graduate and 
research work, and the construction includes three new greenhouses. The 
Departments will occupy the building about September first. 





Louis Hermann Pammel.—We regret very much to have to record the 
passing of another veteran botanist and member of the American Society 
of Plant Physiologists. Dr. Pammen died on March 23, 1931, as he was 
returning from California. A weak heart was the immediate cause of 
death. 

Born at LaCrosse, Wisconsin, April 19, 1862, his boyhood days were 
spent on a farm in State Road Coulee near LaCrosse. In 1881 he entered 
the University of Wisconsin, and from this institution graduated in 1885 
with a Bachelor’s degree in agriculture. At that time Dr. WituiaAM 
TRELEASE was Professor of Botany at the University of Wisconsin. When 
Dr. TRELEASE went to the Missouri Botanic Garden Mr. PAMMEL accom- 
panied him and served as his assistant from 1886 to 1889. In the latter 
year he received his Master’s degree from Wisconsin, and came to Iowa 
State College as Professor of Botany. In 1892 he was made Botanist of 
the Agricultural Experiment Station. For more than 40 years he was con- 
nected with the Iowa institution, and for many years handled all phases 
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of botany, including bacteriology. At the time of his death, the staff of 
workers in his department numbered 37. In 1898 Professor PAMMEL re- 
ceived the Ph.D. degree from Washington University, St. Louis, and in 
1925 the University of Wisconsin conferred upon him the degree of Doctor 
of Science. 

Dr. PAMMEL was primarily interested in taxonomy, but his scientific 
endeavors included practically all fields of botany. Some of the earliest 
work on the physiology of seeds was done by Professor PAMMEL and his 
students. Dr. H. 8S. Fawcert, of the University of California, was asso- 
ciated with Professor PAMMEL in this study. Professor PAMMEL was also 
interested in bacteriology. While at Wisconsin Doctor TRELEASE gave a 
series of lectures in bacteriology. He was the first to teach bacteriology in 
a land grant institution. 

Dr. PAMMEL’s most extensive publication was ‘‘A Manual of Poisonous 
Plants,’’ published in 1911. He is also the author of Grasses of Iowa, 
Plant Ecology, Weeds of Farm and Garden, Weed Flora of Iowa, Honey 
Plants of Iowa. He had published numerous papers and bulletins on vari- 
ous botanical subjects. 

Doctor PAMMEL was responsible for the establishment of various State 
Parks in Iowa. These parks have made it possible for thousands of his 
fellow citizens to enjoy more of the out-of-doors recreation, and only a few 
years before his death one of these parks was dedicated PamMMEL State Park 
in recognition of his services. 

He was chairman of the Taxonomic Section of the Botanical Society of 
America in 1920 and in 1929. He also served as Vice-President of Section 
G, American Association for the Advancement of Science. Shortly after 
the American Society of Plant Physiologists was organized, he became a 
member of it. He took an active interest in Phi Kappa Phi, and was Gen- 
eral Secretary of this body for a number of years; later he became its Presi- 
dent General. He won for himself the admiration and respect of all bota- 
nists, and will be remembered as a tireless and inspiring worker for many 
good causes. 





Plant Physiology.—A compendious textbook of Plant Physiology by 
Dr. Epwin C. MILueEr, of the Kansas State Agricultural College, has been 
published by McGraw-Hill Book Co. The work contains fourteen chapters, 
with the titles following: The plant cell; solutions and membranes in rela- 
tion to the plant cell; the roots of plants; the intake of water by plants; 
the intake of solutes by the plant; the elements absorbed by the plant; the 
loss of water from plants; the formation of carbohydrates by the green 
plant; the nitrogen metabolism of the green plant; the process of digestion 
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in the green plant; the translocation of materials in plants; the process of 
respiration in plants; and the process of growth in plants. 

Stimulating questions are found at the end of each chapter, and hun- 
dreds of citations emphasize the fact that plant physiology is becoming too 
voluminous for any one to be able to read everything that is written about 
it, if he expects to do anything else than read. Author and subject indices 
are included. 

The book is well written, and suitable for advanced students for refer- 
ence. It is too compendious for an ordinary text, and the 900 pages has 
made the price ($7.00) to high for general class use. Any one who has 
attempted to summarize this field will appreciate the enormous labor in- 
volved in Prof. MinLER’s production; and those who read it thoughtfully 
will appreciate the fact that it has been done in a very praiseworthy 
manner. 


Cell Stimulation—Dr. Metnopit Pororr has written a book, ‘‘Die 
Zellstimulation,’’ which has been published by Paul Parey, Berlin. In 


recent years Poporr has worked with great energy in this field, and has 
stimulated a great deal of work among his students and colleagues. The 
introduction considers the theoretical conceptions underlying the work, 
while the body of the book is devoted to the experimental basis of Poporr’s 
theories. The three sections of work are entitled: I. Zellversuche; II. 
Tier- und Pflanzenversuche; and III. Samenstimulation. The problems 


are considered in relation to the application of the results in plant produc- 
tion and in medicine. There are 375 pages of text and 45 figures, in addi- 
tion to the preface and contents. There is no index. The price quoted by 
the publisher is for paper binding only, 26 RM. Orders should be sent to 
Paul Parey, Berlin. 


Crater Plants of Java—Dr. Howarp C. Assort, Department of Biology, 
Evansville College, Evansville, Indiana, has translated Dr. FrrepERIcH C. 
voN FaBer’s ‘‘The Crater Plants of Java, in Physiological and Ecological 
Aspect.’’ It is published in mimeographed form, in board binding, and 
can be obtained by writing to Economy Publishers, Mitchell, South Dakota. 
The price is $1.60 per copy. Many sections are of physiological interest, 
such as the acid resistance of crater plants (sulphur dioxide), mycorrhizas, 
transpiration, power of absorption, nutritional activity of leaves, and 
chlorophyll content of crater plants. The original paper was from the 
Treub Laboratory in 1927. 





